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POLLORIAL 


Engineers are familiar with the damping properties of materials. The time depen- 
dence of damping due to relaxation processes in solids, however, belongs to the domain 
of rheology, a discipline as yet of little appeal to technologists. Future consequences 
of recent progress — partly reported in this issue — may gain in profile by a brief rep- 
etition of what is already “well-known” to rheologists. 

The “memory” of materials for their previous mechanical history puzzled such roth 
century physicists as WEBER, MAXWELL, KELVIN, VoictT and KouiraAuscu. In order 
to describe the phenomena in terms of elasticity and viscosity, spring and dashpot 
models were invented. This model-rheology — as we now call it — has been recently 
cultivated in great detail and that in turn has led to the concept of a series of relaxation 
and retardation times, characteristic for the various mechanical responses of solid 
matter. Although the idea of ‘relaxation spectra” was first proposed by ZENER for 
metals!, its principal application up to now has been in the realms of polymer science?. 
Suffice it to say, for the present discussion, that the change of tan 6 — the familiar 
mechanical loss factor — with frequency represents a first approximation of relaxation 
spectra. The corresponding change of tan 6 with temperature is conveniently linked 
with the glass—rubber transition (see Fig. 1). Such transitions are typical for rubbers 
and thermoplastic materials, e.g. PVC and Plexiglas. The damping and the modulus 
of a soft material can be increased either by lowering the temperature (at a constant 
frequency) or by increasing the frequency of deformation (at constant temperature). 
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Fig. 1. Dependence of mechanical loss factor on (A) temperature and (B) frequency for a thermo- 
plastic polymer. 


Tapor has shown in a series of papers that frictional losses of rubbers in rolling and 
(well-lubricated) sliding triction is essentially due to elastic hysteresis in the rubbers. 
ATACK AND TABOR (see Authors’ Abstracts of this issue) proved that forces in therolling 
friction of wood are also due to hysteresis losses and not to surface interaction. 
BuECHE AND Fiom (Schenectady) open a new chapter by taking the frequency de- 
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pendence of bulk properties into account. In the theoretical part of their paper (p. 174 
of this issue) they show that small changes in bulk properties should lead to corre- 
sponding changes of frictional forces, in other words the shape of the damping curve 
in Fig. 1 B could be determined from rolling friction tests. In fact this is born out by 
some of TABOR’s experiments’, where chemically different rubbers with consequently 
different types of tan 6—y curves were compared at the same frequency of rotation 
of a rolling ball. The different experimental approaches at Schenectady and at Cam- 
bridge are linked by Fig. of BUECHE AND FLom’s paper: well-lubricated sliding friction 
on neoprene first increases with speed but becomes rather insensitive to the rate of 
sliding between 20 and 200 km/h, in good agreement with the fact that the region 
of high damping in rubbers covers several decades of frequencies. A final drop in fric- 
tional force corresponding to the dynamic embrittlement of the rubber at 20°C is to 
be expected at considerably higher — supersonic — rates of sliding. 

Frequency and temperature dependence of tan 6 is more complicated for plastics 
than for rubbers. In general, several maxima are found, indicated as a-, - and y-peaks?. 
Plexiglas, for example, exhibits two peaks (Fig. 2), the strong a-peak, due to thermal 
softening, and the weak f-peak caused by a restricted rotation in the glassy state. 
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Fig. 2. Mechanical losses in (A) Plexiglas and (B) polyethylene — schematical. 


BUECHE AND FLom have found a corresponding maximum in the frictional forces 
by varying speed and temperature in the lubricated sliding on Plexiglas. It seems that 
this maximum is due rather to the p-peak, although one would expect the a-peak 
to contribute to frictional losses at 105°C. Similar reasoning should be applied to the 
results obtained by BUECHE AND FLom with polyethylenes. Again it seems that the 
observed frictional losses are due to the 6-peak and not to the a-peak, produced by 
the onset of melting processes. Another maximum observed by KING AND TABor at 
—50°C in the friction of polyethylene and mentioned by James, should be correlated 
with the y-peak in polyethylenes. 

Although JAMEs’s study in this issue (p. 183) is primarily concerned with the mor- 
phology of wear debris, his arguments proceed along similar lines and the (dry) friction 
measurements on PVC again suggest a correlation with bulk properties. It should 


VOL. 2 (1958/59) EDITORIAL 167 


be kept in mind that the a damping maximum of PVC will shift to lower tempera- 
tures at the low rate of sliding applied in these tests. 

It is tempting to speculate on the behaviour of PTFE (Teflon) in lubricated sliding ; 
adhesion, being particularly weak, elastic hysteresis should become prominent. A 
number of damping maxima due to the crystalline phase and to crystalline transitions 
are now well-known*,*,*, One would expect therefore a series of peaks in friction 
measurements’ extending over a sufficiently broad range of speeds of sliding. 


Two new journals of potential interest to our readers appeared in 1958. 
Rheologica Acta, published by Steinkopff Verlag (Darmstadt, Germany) — the 
publishers of Kolloid Zeitschrift — is an international Journal. 

Original contributions in three languages and the Proceedings of rheological meetings 

held in Germany and Great Britain and presumably also of those held in other parts 
of Europe will form the contents of future volumes. 
Lubrication Science and Technology, constituting the ASLE transactions, contains 
papers presented at ational meetings in the United States; Part 1 of Vol. 1 is reviewed 
in this issue (p. 248). The contributions illustrate efforts made in American industry 
to cope with problems of friction, lubrication and wear. 


Delft, January, 1959 G. SALOMON 


1 C. ZENER, Elasticity and Anelasticity of Metals, Univ. Chicago Press, Chicago, 1948. 
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3 Meeting on: Modern Problems in Friction and Lubrication, Glasgow, Sept. 2, 1958; reported 
in Nature, 182 (1958) 980. 

4 A. E. Woopwarp Anp J. A. SAUER, The dynamic mechanical properties of high polymers at 
low temperatures, Fortschritte dey Hochpolymeren- Forschung, I (1958) 114-158. 

5 K.H. ILLters anp E. JENCKEL, Kolloid Z., 160 (1958) 97. 
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7 D.G. From anv N. T. Porive, Nature, 175 (1955) 682. 
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SURFACE FRICTION AND DYNAMIC MECHANICAL 
PROPERTIES OF POLYMERS 


A.M. BUECHE anp D. G. FLOM 


General Electric Research Laboratory, Schenectady, N. Y.(U.S.A.) 


SUMMARY 


Results are presented of experiments on the lubricated sliding of metals on polymers over a 
range of speeds and temperatures. These results indicate a correlation between the frictional 
behavior of materials and their bulk mechanical properties. 

Support for the experimental correlations is presented in the form of a theory relating the 
coefficient of rolling friction to bulk mechanical properties. The general conclusions may be 
expected to hold for metals as well as other materials. The theory may also be expected to apply 
to well lubricated sliding where shearing forces have been minimized. Under the conditions of 
lubrication most commonly encountered, the sliding friction is expected to be much more com- 
plicated; both the shear properties of the boundary layer and the hysteresis characteristics will 
be important. 


ZUSAMMENFASSUNG 


OBERFLACHENREIBUNG UND DYNAMISCH MECHANISCHE EIGENSCHAFTEN VON POLYMEREN 


Messungen des geschmierten Gleitens von Metallen auf Polymeren tiber einen Bereich von 
Geschwindigkeiten und von Temperaturen werden beschrieben. Die Ergebnisse weisen auf eine 
Beziehung zwischen dem Reibungsverhalten von Material und den mechanischen Eigenschaften 
der Masse. 

Der experimentell gefundene Zusammenhang wird durch eine Theorie gestiitzt, die den Rei- 
bungskoeffizient der rollenden Reibung auf die mechanischen Eigenschaften der Masse bezieht. 
Erwartet wird, dass die allgemeinen Schlussfolgerungen sowohl fiir Metalle als auch fiir andere 
Materialien gelten. Giiltigkeit der Theorie kann fiir gleitende Reibung bei guter Schmierung, wenn 
die Schubkrafte minimal geworden sind, erwartet werden. Dagegen wird unter den Bedingungen 
von Schmierung wie diese meistens angetroffen wird, die gleitende Reibung viel komplizierter 
sein; Schubspannungen der Greuzschicht und Hysteresis Erscheinungen werden dann wichtig. 


The work of Tanor has provided evidence that elastic hysteresis losses in rubber 
are important for determining the coefficients of rolling and lubricated sliding 
friction!~°. His work encouraged us to explore this phenomenon in more detail. 

We have found from measurements of the friction of steel sliding on Plexiglas 
(polymethyl methacrylate) and on polyethylene that elastic losses are important for 
these materials. In the lubricated sliding of steel on Plexiglas, for example, the curves 
relating friction and speed at a series of temperatures parallel quite closely those 
relating dissipation factor and stress frequency. The dissipation factor, in turn, has 
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been shown in other work to go hand in hand with mechanical losses in the polymer. 

That elastic losses in polymers are highly frequency- and temperature-dependent 
is well known. Furthermore, in some cases, these losses can be related in a known 
manner to molecular properties. It should be possible, then, to develop a relationship 
between dynamic mechanical, and therefore molecular, properties and rolling friction 
in those cases where bulk deformation is predominant. This point of view leads one 
to anticipate a relationship between these bulk properties and lubricated sliding 
friction in cases where shearing forces have been minimized. 


EXPERIMENTAL 


Friction measurements were made by sliding a hemispherically-ended steel rider 
(0.150 in. dia.), under a load of 108 g, against the polymer, or other sample, under 
study. The latter consisted of a sleeve, 1/4 in. thick and 2 in. in outer diameter, 
slipped over an inner ceramic cylinder enabling thermal insulation during runs at 
elevated temperatures. The frictional force was measured with the aid of strain gages 
attached to the rider holder and was continuously recorded. Details of the apparatus 
have been given previously®. 

Preliminary experiments on neoprene lubricated with aqueous sodium stearate 
indicated the possible importance of bulk properties. The change in friction with 
speed (Fig. r) exhibited a behavior similar to what one might expect for a loss vs. 
frequency curve. This led us to investigate several other materials and to consider 
the theoretical aspects. 
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Fig. 1. Friction of steel on neoprene lubricated with sodium stearate. Normal load = 108 g. 


STEEL SLIDING ON PLEXIGLAS 


For steel sliding on dry, freshly-machined Plexiglas, inflections in the friction vs. 
speed curve were obtained (Fig. 2). They probably arose from a combination of 
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shearing and elastic loss terms. Changing track conditions and past stress history 
resulted in a lower precision (10%), especially at low speeds, than would have been 
desired. A marked effect of stress history on mechanical losses in polymers has been 


noted by FITzGERALD’. 
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Fig. 2. Friction of steel sliding on Plexiglas, unlubricated. Normal load = 108 g. 


The frictional force was found to vary directly with load over the narrow load 
range of 100-200 g. Subsequent measurements at much higher loads (> 1000 g) indi- 
cated possible departure from this behavior; consequently, frictional force rather 
than jx is plotted in Fig. 2 and in subsequent friction curves. 

When lubricated with an aqueous solution containing approximately 35% by 
weight sodium stearate, the friction of steel on Plexiglas as a function of speed was 
markedly different from that of unlubricated sliding (Fig. 3). The precision was also 
somewhat greater. The striking result of a change in slope at about 60°C and the 
greater friction at 78°C as opposed to that at 105°C should be noted. The significance 
of these features will become more apparent following a discussion of the dynamic 
bulk properties of Plexiglas. 


DYNAMIC MECHANICAL PROPERTIES OF PLEXIGLAS 


Unfortunately, the measurements of dynamic moduli and elastic losses reported 
in the literature have been generally made at stress frequencies too low for direct 
comparison with the results of sliding experiments. A conservative estimate of the 
frequency of deformation corresponding to a given sliding speed can be made if the 
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period of cyclic stress is considered as the time required for the rider to move a dis- 
tance d, where d is the diameter of the apparent area of contact. The value of d is 
obtainable from the width of the track resulting from initial plastic flow, and in the 
present experiments this width was about 0.4 mm, or roughly 1/10 of the diameter 
of the rider hemisphere. The resultant conversion factor was therefore 1 cm/sec — 
25 cycles/sec. 

Measurements of the dynamic mechanical properties of polymethyl methacrylate 
have been reported for frequencies up to 100 cycles/sec’,® and in one instance up to 
2000 cycles/sec’, Measurements on other polymers at slightly higher frequencies 
have been reported’. Although the frequency ranges for the polymethyl methacrylate 
damping curves reported in the literature and the friction curves from Fig. 3 overlap 
only slightly, changes from negative to positive slopes appear at 60-70° in both 
instances, and the general shapes of the overlapping curves are similar. 
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Fig. 3. Friction of steel sliding on Plexiglas, lubricated with sodium stearate. Normal load = 108 g. 


Fortunately, dielectric losses for polymers can be measured to rather high frequen- 
cies. Furthermore, it has been shown that the mechanical and the dielectric losses ex- 
hibit similar maxima although the frequencies and temperatures may be different, 12, 
Replotting the dielectric loss data of TELFAIR shows that the tan 6-frequency 
curves (Fig. 4) are very similar to the friction—speed curves obtained in our work 
(Fig. 3). 

Superimposing TELFAIR’s data and our friction data over their common ranges on 
a log-log scale give a better idea of the fit between the two sets of measurements 
(Fig. 5). We see from this figure that a sliding speed of r cm/sec corresponds to a 
frequency of about 18 cycles/sec, in fair agreement with the conversion factor of 
25 calculated earlier on the basis of measured track widths. 
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Fig. 4. Dissipation factor (tan 6) of polymethyl methacrylate vs. frequency. 
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Fig. 5. Steel on Plexiglas, lubricated (—) and dissipation factor of Plexiglas (- - -). 
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STEEL SLIDING ON POLYETHYLENE 


In addition to the correlation between the friction and dynamic mechanical prop- 
erties found for Plexiglas, a brief study of the effect of branching on the friction of 
polyethylene indicated a similar correlation for that polymer. The friction experi- 
ments were carried out in a manner similar to those for Plexiglas. Steel was made to 
slide on Alathon ro (branched polyethylene) and on Marlex 50 (unbranched poly- 
ethylene), under both lubricated and unlubricated conditions. The results are shown 
in Figs. 6 and 7. The precision was roughly +5°/ with the exception of lubricated 
steel on Alathon 10 where reproducibility was unaccountably lower (15-20%). 
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Fig. 6. Friction of steel on Alathon 10 and on Marlex 50. No lubrication. Normal load = 108 g. 
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Fig. 7. Friction of steel on Alathon 10 and on Marlex 50, both systems lubricated with aqueous 
sodium stearate. Normal load = 108 g. 
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DYNAMIC MECHANICAL PROPERTIES OF POLYETHYLENE 


KLINE, SAUER AND WoopWarD measured the effect of branching on the dynamic 
mechanical properties of polyethylene!. They found that at room temperature and 
above, a decrease in branching was accompanied by a marked decrease in damping. 
The frequency of test used in their experiments depended on the geometry of the 
polymer specimens as well as on their structure but in general varied from 200 to 
1000 cycles/sec. Translated into terms of sliding speed in our friction tests, this would 
correspond roughly to a range of 8 to 40 cm/sec. It is apparent from Figs. 6 and 7 
that the friction of steel on unbranched polyethylene was lower than that for steel 
on branched polyethylene, in line with the dynamic mechanical results of KLINE et al. 
even though their data do not allow a more detailed comparison. 


SHEARING FORCES 


It should not be concluded from the correlations found for Plexiglas and poly- 
ethylene that shearing forces were completely absent from those systems lubricated 
with sodium stearate. There was undoubtedly some shearing in the lubricant film 
and possibly of steel-polymer junctions as well. For steel on Plexiglas we found that 
other lubricants in addition to sodium stearate, such as glycerol and cetane, gave low 
values of friction but for those lubricants the results appeared to be independent 
of sliding speed and temperature. On the other hand it is difficult to believe from the 
known behavior of sodium stearate in other systems that it could give rise to all of 
the features in Fig. 3 which have just been discussed. 

One would expect that the simplest correlation between friction and dynamic 
mechanical properties would be found in the case of rolling, where shearing forces are 
negligible. This consideration led us to attempt the formulation of simple mathemat- 
ical relationships between the observed quantities. A certain amount of rigor was 
sacrificed in an attempt to preserve the simplicity of the calculation. An idealized set of 
physical properties was assumed for the material involved; furthermore, detailed 
elasticity theory was neglected. We feel, however, that the model and method of 
calculation{represent the most important fundamental aspects of the phenomena. 


It is hoped that the results will aid in the selection and interpretation of new experi- 
ments. 


PRELIMINARY THEORY OF ROLLING FRICTION 
Consider a sphere with radius a and center at x = 0, y = 0, z = —20 rolling ona 
base material whose upper surface is bounded by the x-y plane (Fig. 8). We shall 
assume that the sphere is very hard compared with the other material involved so 
that the sphere is not deformed appreciably. The equation of the sphere is then 
42 + y2 + (2 + 29)? = a2 (1) 
and it intersects the base material in the x—y plane in a circle of contact described by 


x2 ao y2 = a2 — z92 — (2, (2) 
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Now for each value of « and y within the circle defined by eqn. (2) the surface of the 
sphere will have a positive value of z, 7.e., the base material will be indented. The 
depth of the indentation, assuming the latter to be a spherical segment, is given by 


z= (a? — 2 — y2)1/2— gy = (a2 — 42 — y2)1/2_ (g2 — ]2)1/2 (3) 


in the static case; the dynamic case will be discussed later. This differs somewhat 
from the detailed indentation shape given by Hertz who starts with a different 
pressure distribution!. 


=Z 


e u) 
Fig. 8. Idealized deformation of base material Fig.g. Mechanical model for material having 
by hard sphere. retarded elasticity. 


To proceed with our analysis we need to define the physical properties of the base 
material. For illustrative purposes we will assume that the material properties are 
represented by the retarded elastic model shown in Fig. g. In this case the spring, 
having a modulus constant G, and the dashpot, having a viscosity 7, both resist 
deformation in the z direction. The pressure, #, in the z direction is given by 


dz 
b = khGz + kn (5) (4) 


where, it will be noticed, the first term depends on the magnitude of deformation and 
the second term on the rate of deformation. Since the experiment does not involve a 
simple shear or tensile experiment, the constant k, having dimensions of a reciprocal 
length, has been introduced. A value will be obtained for it later. Our assumed 
material can be considered to have a single characteristic retardation time given by 
t= n/G (5) 

Few, if any, real materials have such a simple set of physical constants. Most will 


References p. 182 


176 A. M. BUECHE, D. G. FLOM VOL. 2 (1958/59) 
have a series of retardation times and spring constants in addition to a permanent 
plastic deformation. Some phenomena will require all of these plus an inertial mass 
as found by FirzGERALD’. When making detailed comparisons with experiments the 
proper set of models will need to be carried through the following analysis. 

We will now consider our base material to be traveling in the —x direction relative 
to the sphere, and the sphere to be rotating clockwise. The velocity in the z direction 
of a point in contact with our sphere will be 
pid dt XS 


(a2 — 42 — ]2)12 (a2 — x2 — y2)1/2 


vd (6) 
dt 
where s is the sliding or rolling speed of the center of the sphere with respect to the 
base material. 

The pressure is found from eqns. (3), (4) and (6) and is given by 


p/RG = (a2 — x2 — y2)1/2 — (a2 —12)1/2 4 tsx(a2 — 42 — y2)-V2, (7) 


In the static case the last term will be zero. 

For examples having no adhesion between the sphere and the base material eqn. (7) 
will not represent the pressure exerted between the base material and the sphere. 
This fact arises because of the retarded elasticity of our base material; in the absence 
of adhesion a negative value of # cannot be applied to the sphere and the base 
material will lose contact with it at some negative value of x. This is illustrated in 
Fig. ro. 


A B 


Fig. 10. Sphere rolling on base material; Example A — small ts; Example B — large Ts. 


Example A represents the case for small values of ts while B represents the phenom- 
enon at higher sliding speeds, 7.e. larger ts. Mathematically we can find the values 
for « and y for which this separation occurs by equating the pressure in eqn. (7) to 
zero. Denoting the value of x at which this occurs by ¥ and the corresponding value 
of %2 +- 2 by 72 the expression becomes 


ms a, 7 72\ 1/2 J2\1/2 
pair (18) 4-8)" (8 ® 


a2 


A plot of the loci of the # =o points for a few values of ts, a and 1 are shown in 
Fig. Iz. 
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Fig. 11. Limits of area of contact for a rolling sphere having a radius of 1 cm, L = 0.436 cm and 
iO, 1/10, 1/3) and ©. 


We will now set out to calculate the total force, W, in the z direction by integrating 
fp over the area of contact. Because of the rather involved limits of integration 
required by eqn. (8) for the exact case we will investigate only two limiting cases. 


1. Small ts 

This case will usually correspond to very low rolling speeds or to materials having 
low values of 7. Because of the detailed nature of the approximation, however, it will 
also apply to the unlikely case where the material adheres to the sphere for all 
positive values of z but suddenly loses adhesion when z = o. In these cases the up- 
ward value of the viscous force, contributed by the third term of eqn. 7, on the +-« 
side will be just balanced by the downward force on the —x side and the integra- 
tion over it will be equal to zero. The integrals are 


ie 4 = (2 — ye 
WIkG = 4 | | (p/kG)dxay (0) 


=O 4 =0 


since the terms that are left are symmetrical in x? and y*. Writing this in terms of 
v2 — 42 1 y2 and 0, where x = 7 cos 0, we have 
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aj2 1 
W/kG = 4 | | {(a2 — 72)1/2 — (a2 — 12) 1/2} vdrd@ = (10) 
oO oO 


a? (a2 — 12)3/2 12(q2 — ]2)1/2 


5} 3 4 


(11) 


= an | 


Since experimentally we will normally be interested in cases where A/a < I we can 
expand eqn. (rr) to find 


a IA atk 318 
W/kG = ; + ao ae Sieve i (12) 


a 12 a2 64a5 


We are now in a position to estimate the constant k by comparison with the results 
of the detailed elastic calculation of HErtTz. He found for the static case that 


3 W\ /I—o12 I—022 I I (13) 
—— = _— I 
fe a ( Ey - E2 - : 


where the o’s and E’s are the Poisson ratios and Young’s moduli of the two bodies in 
contact. In our case Fy is very large compared with F, and our base material is a 
plane. If we set 


E 
G = 
2+ 20 
we have from eqn. (13) 
8 i: +o) cre 
W=— 
4. (toe (4) 


Comparison. of eqns. (12) and (14) shows that 


I 4.85 
ere (15) 


32 I+¢6 


k poe ee 
3m (1 —o?) 


I 


if o, = 0.3. Therefore we find that & has the the dimensions of a reciprocal length as 
required by eqn. (4). The coefficients of friction to be calculated later are insensitive 
to the value of &; on the other hand, it does enter the expressions relating / to W. 

Next we would like to calculate the frictional force and the coefficient of friction. 
This can be done without calculating the energy dissipation as such, by recognizing 
that the base material exerts a torque on the sphere. The pressure, while symmetrical 
in y, is not equal in the +-« and —w directions. This inequality produces a moment of 
forces tending to oppose the steady rolling of the sphere. The moment, M, is given by 


M[kG = i (p|kG)xa A (16) 
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Substituting 
w2 1 
Mie { | v3 cos? 6 ApaG 
a (a2—72)1/2 eB 
& 6 
= (a/3) [20% + (a2—2)9/2 — 302(a2@ — 2)11 (17) 
Expanding for l//a < 1 we have 
Mik a 14 x 18 370 18 
7 Sarat 
= 4 @ a as 6, a® ir oy 


For steady rolling this torque must be opposed by that due to the frictional force, F, 
acting at a distance 4@, 1.e. 


I Gs 6 3nkns 18 
15) Wa) kys + kns | - (19) 
4 a2 12 at 64 af 
The coefficient of friction, 2, is then 
tS 
A= FW =— (20) 
a 


This surprisingly simple result shows that, to this approximation, the coefficient of 
rolling friction is a linear function of the sliding speed and depends on the radius of 
the sphere. It should be possible, then, to estimate the characteristic retardation time 
of the base material by making friction measurements at low speeds and low loads. 
If we set s = 2mav where » is the frequency of rotation of the rolling sphere we find 


A= 20TV (21) 


This result may be more useful in some instances. 


2. Large values of ts 


In this case we will consider example B in Fig. 10. We will assume that conditions 
are such that the base material loses contact with the sphere at x = o and that all of 
the energy used in deforming the sample is lost. 

Starting with eqn. (7) for the pressure we retain all three terms and integrate as in 
eqn. (9) over the area of contact for +» values only. In this way we find 

n(a2 — 12)3/2 gel2(a2 — 12) 1/2 


mas 
W/2kG = == 
6 6 4 


(22) 


1 
+ a [ « sin-1 (—) — l(a? — pa 
ia 


2 
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Expanding as before we have 


(23) 


mG [i4 x 8 
ga a 


2 |8 r 4 
8 


a 3 a 


The moment, 1, is found by the procedure of eqn. (16) subject to the above restric- 
tions on the limits of integration. It is given by 


1(a2 —12)3/2 a2l(a2— ]2)1/2 a4 sin —1(J/a) 
M/2kG = | 4 S 
4 8 8 
2 ]2) 1/2 202 2__ ]2)3/2 
> Ba 12) a UTS 2a (a ) a%(a2 ry] laa) 
3 4 3 3 
Expanding we have 
Be [2 tr 7? gets [i4 rt /6 
M/kG + +...4 | = Ss | (25) 
15 a 21 a3 8 a 3 a 
Using the definitions of eqns. (19) and (20) we now have 
2 ri mts ~f 13 ey 4 
AO tab FET 8 [= 3 at 2s] 
(26) 
a Wa TES r 2 ute se 
8 E 3 a3 ‘ | 5 a8 
For ts > / this becomes approximately 
3% 1 
ay Se 2 
are (27) 


But J/a is dependent on ts by virtue of eqn. (23). Subject to the same approximations 
our coefficient of friction becomes 


W/G W /a2G 
j= Se) Seale eee ie (28) 
16 16 


9.7 Tsa 19.4 TV 


It appears that, in this approximation, the coefficient of friction is load-dependent 
and has a magnitude depending on G as well as Tt. 

Our eqns. (2r) and (28) are plotted in Fig. 12 using a= 31cm, W = 100 g and 
G = 108 g/cm?. Only the solid lines are to be taken seriously. The dotted lines are 
drawn to indicate the trends and are certainly not representative of the shape near 
the maximum of the curve. It appears to be reasonable to expect, however, that the 
effect of a single retardation time is felt even at very low frequencies of rolling. 
Furthermore, the maximum in the friction will probably appear at a value of ty< I. 
To find the shape of the entire curve it appears to be necessary to carry out the cal- 
culations using the limits of integration as defined by eqn. (8). 
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From this analysis of the problem we conclude that there exists a relatively simple 
relation between rolling friction and the bulk physical properties of the materials 
involved. The coefficient of friction begins to sense the presence of a characteristic 
frequency of the material long before the rolling frequency reaches the point where 
the maximum friction is observed. 
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Fig. 12. Plot of equations (21) and (28) (solid lines) using Ad = 1cm, W,= 100 g and G = 108 


g/cm2. 


More detailed treatments of this phenomenon seem to promise a new method for 
the precise determination of the mechanical properties of materials. Apparently, even 
at this stage, the theory could be used to find approximate values of the characteristic 
frequencies of metals, ceramics and polymers. ; 


DISCUSSION OF RESULTS 


It is apparent from the foregoing analysis that the relationship between rolling 
friction and speed, for a hard sphere of constant diameter on a softer material of 
given retardation time t, resembles closely the relationship between mechanical loss 
and frequency. Extending the analysis for rolling to well-lubricated sliding, then, it 
follows that the slope of the friction vs. speed curve at a given temperature, as in 
Fig. 3, will depend upon a shift with temperature of the maximum in the friction vs. 
ts/a relationship. 

Should these relationships prove generally applicable to polymers at low and inter- 
mediate temperatures, they might also be expected to apply to the friction of metals 
at elevated temperatures where internal friction is known to be greatly increased1®, 
Modifications in the theoretical model used to represent the bulk properties (Fig. 9) 
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would very likely be necessitated by basic differences in the structures of metals and 
polymers. 

Finally, one might expect the dynamic mechanical properties to impose an ultimate 
lower limit on the friction in systems where shearing forces had been eliminated by 
effective boundary lubrication. 
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SURFACE DAMAGE CAUSED BY POLYVINYL CHLORIDE 
SLIDING ON STEEL 


D. I. JAMES 


Research Association of British Rubber Manufacturers, Shawbury, Shrewsbury, Shropshire 
(Great Britain) 


SUMMARY 


A brief survey is given of the different types of debris and surface damage encountered during 
friction experiments. The most prominent feature is the formation of rolls which lie at right angles 
to the direction of motion. There appears to be a critical temperature below which rolls do not 
form. Above this temperature rolls form very freely and frequently the coefficient of friction 
falls. It is suggested that there may be some connection between rolls and Schallamach abrasion 
ridges. The formation of other types of debris is also discussed. 


LUSAMMENFASSUNG 
OBERFLACHENBESCHADIGUNG BEIM GLEITEN VON PVC AUF STAHL 


Es wird eine kurze Ubersicht gegeben von den verschiedenen Typen Verschleiss-Triimmern und 
der Oberflachenbeschadigung, die bei Reibungsexperimenten gefunden wurde. 

Die am meisten auffallende Erscheinung ist die Bildung von Rollen, die senkrecht zur Bewe- 
gungsrichtung liegen. Es besteht scheinbar eine kritische Temperatur unterhalb derer die Rollen 
nicht entstehen. Uberhalb dieser Temperatur bilden sich die Rollen leicht aus, haufig nimmt 
zugleich der Reibungskoeffizient ab. Zwischen diesen Rollen und Schallamach’s Abriebsriffeln 
besteht vermutlich ein Zusammenhang. Die Bildung anderer Formen von Abriebtriimmern wird 
ebenfalls besprochen. 


The introduction of polyvinyl chloride (PVC) conveyor belts aroused interest in 
the frictional properties of this material and an apparatus has been constructed to 
measure accurately the kinetic friction of various PVC compounds when sliding on 
steel. The apparatus will be described in full elsewhere and only relevant details will 
be given here. Since the condition of the contacting surfaces, particularly the amount 
of debris which may separate them, is important, the samples under investigation 
were examined from time to time. 

Exact measurements on rates of wear could not be made but it was noticed that 
the nature of the surface debris changed suddenly as the temperature was increased 
beyond a certain value. The PVC samples under examination were flat specimens of 
nominal area 36 cm2, ground on No. o glasspaper on a surface plate. The steel plate 
was ground against a similar plate using Grade rl’ Carborundum dispersed in Teepol. 
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Fig. 1. Small area of steel surface showing ridges of PVC lying along the direction of motion. 
Sample plasticised with 109%, DOP. Temperature below 60°C. 


Kinetic friction was measured at velocities of 1.36 cm/sec, 1.36: 10-1 cm/sec, 1.36: 10-2 
cm/sec and 1.36 - 10-8 cm/sec. With a PVC sample containing 10% di-(2-ethylhexyl)- 
phthalate (DOP) there was very little surface damage below 60°C. Any debris formed 
adhered mainly to the steel plate and was confined to small areas in lines parallel to 
the direction of motion (Fig. 1). (In all figures, except Figs. 3 and rr, the direction 
of motion is across the page.) Above 60°C there was considerably more wear and 
the debris formed rolls which lay at right angles to the direction of motion. These 
adhered mainly to the PVC and Fig. 2 shows a typical distribution of sizes, although 
larger rolls are formed by repeated sliding. 

Most of the rolls were ferromagnetic and appeared to be composed of minute partic- 
les of steel (or possibly oxides of iron) bound together with PVC. Figs. 3(a) and (b) 
show portions of a large ‘‘steel’’ roll and the twisted structure can be clearly seen. 
Some rolls appeared to be almost entirely PVC and an example is shown in Fig. 3(c). 
There are various graduations between these two extremes and Fig. 3(d) shows a roll 
which is a mixture of PVC and “steel”. The total sample of debris available for 
quantitative analysis weighed only 0.444 mg and because of the wide difference 
between the densities of PVC and steel and the probability that the steel was largely 
oxidised, no conclusive result was obtained. 
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siaminy 


Fig. 2. Rolls of various sizes on PVC sample plasticised with 10% DOP. Temperature above 60°C. 


The formation of rolls between rubbing surfaces is a common phenomenon. and is 
easily seen when an eraser is used on paper. Ridges similar to those described by 
SCHALLAMACH! may be seen on the eraser itself, although he did not mention rolls 
when describing ridges on rubber. It is interesting to compare Fig. 4 which shows 
rolls formed by abrading the surface of brown factice (vegetable oils vulcanised with 
sulphur) with Fig. 5(a) in SCHALLAMACH’s paper, which shows an abraded gum rubber 
surface, The broken shadows in SCHALLAMACH’s photograph suggest that the “‘ridges”’ 
were not everywhere attached to the surface of the rubber. 

There may be some connection between rolls and abrasion ridges, although abrasion 
ridges are not often seen on PVC samples. When an abrasion pattern is formed on 
PVC it is not visible to the naked eye and is masked by the presence of rolls, Careful 
lighting suppresses the rolls and shows the very fine abrasion pattern (Fig. 5a). Ihe 
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2mm 


ay 


Fig. 3. (a) Portion of a large ‘“‘steel’”’ roll showing twisted structure. (b) Another portion of the 


roll shown in 3 (a). (c) Roll consisting mainly of PVC with particles of ‘‘steel’’ attached. (d) Roll 
consisting of a mixture of PVC and steel. 
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(e2) 


SI 


Tig. 4. Rolls on the surface of brown factice (vulcanised vegetable oil). 


same area is shown in Fig. 5b where horizontal illumination has been used and it can 
be seen that the rolls are by far the most prominent feature. SCHALLAMACH showed 
that when rubber is abraded the tops of the abrasion ridges are torn off. It is possible 
that PVC abrades in the same way, but since the pattern is so very fine the particles 
torn off would be extremely small, and it may be that these are the ultimate particles 
from which rolls are formed. Many of the rolls illustrated have fine threads of PVC 
attached (Figs. 3b and d). If the abrasion ridges on gum rubber are examined very 
carefully, then occasionally a thread of rubber can be seen joining two or more of 
them, having been pulled out from one ridge across one or more of the adjacent ridges. 
An example of this is shown in Fig. 6. It is possible that something similar may 
happen when PVC is abraded, although no direct evidence has been found so far. 
However, the rolls themselves are sometimes joined by fine threads of PVC and Fig. 7 
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Fig. 5. (a) Abrasion pattern on the surface of PVC. 
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Fig. 6. A bridge of rubber joining two abrasion ridges on the surface of a pure gum rubber. 


shows quite clearly how the threads twist together to form larger rolls. Fig. 3(b) 
shows the process at a much later stage, when a large ‘‘steel”’ roll has picked up fibres 
of PVC. 

Fig. 8 shows that rolls can join together to form large masses of debris. To under- 
stand how this happens consider a cylinder rolling between two planes. Since the 
angular velocity, d6/df? about the instantaneous centre is a constant for all points 
on the cylinder it follows that the velocity of the centre of gravity, v, is half the 
relative velocity of the two planes, V. 
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Fig. 7. Showing how fine threads of PVC twist together to form large rolls. Sample plasticised 
with 20% TTP. 


‘yo 4 2 ~ 0 1 ve 17 PAT a c . . Sai ny / 
Fig. 8. Rolls collecting together to form a large mass of debris. Sample plasticised with nose. wdaes 
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Thus, provided that true rolling occurs, all rolls move at half the velocity of the 
plate independently of their radius. An irregularity in the surface such as the projec- 
tion at P (Fig. 9) will overtake roll A which will then be swept along at velocity V. 
The projection P and roll A together will then overtake roll B and so on. In this way 
a mass of debris will collect about the point P and will slide with the velocity of the 
plate. This process is cumulative and large masses of debris can be built up. 

After repeated sliding at high temperatures the surface damage becomes more 
complex. Figs. ro(a) aiid (b) show the same area of PVC surface under different illumina- 
tion conditions. In addition to the rolls lying above the surface there are large masses 
of debris lying very close to, or in, the surface and a deep score mark which is partly 
filled with ‘‘steel’’. The large white spots are pieces of PVC. At temperatures approach- 
ing 100°C the PVC is very soft and frequently rolls are pressed into the surface so 
that their rolling action ceases (Fig. r1). Once this happens they can act as projections 
on the surface and collect further rolls, which in their turn are pressed into the surface 
and flattened. This may account for the rapid accumulation of debris at high tempera- 
tures, although other mechanisms might also contribute. 

A graph of coefficient of friction against temperature for PVC plasticised with 10% 
DOP sliding at 0.136 cm/sec is shown in Fig. 12. It has already been mentioned that 
with this material rolls have never been observed below 60°C. Just above this tempe- 
rature the surface debris is of a simple type and is largely confined to rolls. In this 
region the coefficient of friction falls, but is difficult to say whether this fall in friction 
is due to the rolling action of the debris. KING AND TABor? working with polyethylene 
sliding on polyethylene found a similar fall in friction at about —50°C and it seems 


Fig. 9. Rolls between planes (diagrammatic). 


unlikely that rolls were responsible since their area of contact was very small. It is 
quite conceivable therefore that this type of friction curve 1s a property of the polymer 
and not of the debris, but more experimental work must be done before this can be 
stated definitely. 

It is of interest to note that CorrrN? has reported a transition temperature for 
surface damage between metals which alloy. Above the transition temperature 
(—70°C for copper sliding on copper) seizure and galling were possible and when they 
occurred the coefficient of friction was extremely high (> 2.0 in some cases). This may 
be contrasted with PVC sliding on steel, where in the case of a sample plasticised with 
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Fig. 10. (a) Surface debris on PVC at high temperatures (horizontal illumination). The large 
masses of debris are close to the surface. Rolls can be seen above them. Sample plasticised 
with 10% DOP. 


Fig. 10, (b) The same area illuminated vertically. Note the deep score mark partly filled with 
debris. 
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Fig. 11. Rolls pressed into the PVC surface and flattened at high temperatures (about 100°C). 
Their rolling action ceases and they act as foci for the collection of debris. Sample plasticised 


with 20% TTP. 
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Fig. 12. Coefficient of friction plotted against temperature. PVC sample plasticised with LOU'S 
DOP sliding at 0.136 cm/sec on ground steel. 


10% DOP, for example, the increased rate of wear just above 60°C is accompanied 
by a lower coefficient of friction. The transfer of materials during sliding is well- 
known and Taszor? has published a photograph showing that when a PVC slider rubs 
over a PVC surface some of the slider is transferred to the surface. He has also shown 
that when silver slides on PVC, metal is transferred to the polymer. SCHALLAMACH? 
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has pointed out that the formation of an abrasion pattern on rubber has an appreci- 
able influence on the rate at which abrasion occurs, and it is thought that the 
formation of rolls may have a similar effect. 

The phenomenon of roll formation is worthy of further study since when it occurs 
the rate of wear can be relatively high and it has been suggested that it leads to 
premature failure of rubber or rubber-like components. 
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ON THE HYDRODYNAMIC LUBRICATION OF ROLLER-BEARINGS 


J. F. OSTERLE 


Department of Mechanical Engineering, Carnegie Institute of Technology, Pittsburgh, Pa. (COS 41) 


SUMMARY 


An analysis is made of the lubrication of cylindrical roller-bearings in the hydrodynamic regime. 
Expressions are derived for the maximum film pressure, load capacity of the bearing, frictional 
moment on the shaft, and coefficient of friction. A numerical example is worked out and the limits 
of the theory investigated. 


ZUSAMMENFASSUNG 


UBER DIE HYDRODYNAMISCHE SCHMIERUNG VON ROLL-LAGERN 


Die Schmierung zylindrischer Roll-lager im hydrodynamischen Gebiet wurde analysiert. Die 
entwickelten Gleichungen beschreiben den maximalen Filmdruck, die Tragfahigkeit des Lagers, 
das Reibungsmoment der Achse und den Reibungskoeffizient. Ein Zahlenbeispiel wurde aus- 
gearbeitet und die Grenzen der Theorie naher untersucht. 


INTRODUCTION 


The lubrication phenomenon is not as well formulated for rolling contact bearings 
and gears as it is for sliding contact bearings such as thrust and journal bearings. One 
reason, for this is that hydrodynamic theory in the simple form which has been found 
to be satisfactory for sliding engagement is not adequate when applied to rolling 
contact bearings. In its most elementary form, hydrodynamic lubrication theory 
assumes the lubricant viscosity to be constant and the engaging surfaces perfectly 
rigid and smooth. Obviously this can be true only for sufficiently light loads. For sliding 
contact bearings these loads are not so small as to be impractical. However, in rolling 
contact bearings and gears the loads for which the simple theory gives reasonably 
accurate results are invariably much too small to be practical. Therefore for this 
lubrication application a theory is needed which takes viscosity variations, surface 
deformations, and surface roughness into account. A number of attempts at such a 
theory have been made in recent years. A characteristic of most of these is that they 
make use of the simple theory described above as a starting point for the necessary 
refinements. For this purpose in the gear problem use is made of the work of MARTIN}, 
who was the first to work out successfully the simple hydrodynamic lubrication theory 
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for mating gear teeth. For roller-bearings a satisfactory simple theory does not seem 
to be available in the literature. BUcHE? made an attempt at this for cylindrical 
roller-bearings but his work contains some errors. It is the purpose of this paper to 
develop a correct simple hydrodynamic theory for the lubrication of cylindrical 
roller-bearings which, it is hoped, will be useful as a starting point for more advanced 


treatments. 
NOTATION 
R, radius of inner race (shatt) 
i, radius of outer race 


n number of rollers 

D roller diameter 

R roller radius 

1s roller length 

s roller to shaft diameter ratio D/2Rk, 


hy minimum film thickness on shaft side of roller 
hy minimum film thickness on outer race side of roller 
Wes, least minimum film thickness 
é shaft center eccentricity 
€ eccentricity ratio e/c 
0 angular displacement of roller 
7) angular velocity of radial line drawn to roller center 
Oy angular velocity of shaft 
9 angular velocity of roller 
lu lubricant viscosity 
U surface velocity of shaft w,R, 
P, normal force on shaft 
P, normal force on outer race 
Pmax maximum film pressure 
Fy shear force on shaft side of roller 
Fy, shear force on outer race side of roller 
F, shear force on inner race (shaft) 
W load capacity of roller-bearing 
M frictional moment on shaft 
f coefficient of friction 
THEORY 


The roller-bearing configuration to be analyzed is as shown, in Fig. 1. The outer 
race of radius JX, is fixed and the inner race (shaft) of radius R, rotates with an angular 
velocity w,. There are cylindrical rollers (only one is shown) each of diameter D 
(radius RX) and length L, separated from the races by full lubricant films. We will let 
the angular velocity of a typical roller about its center be w, and the angular velocity 
of the radial line drawn between the shaft center and the roller center be w. 
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Fig. 1. Roller-bearing configuration. 


If we specify that the applied load acts vertically downward, the shaft center will 
be displaced vertically downward a small distance e so that the play between a roller 
and the races can be approximated by 

hy + ho = c (t — €cos 6) (1) 


where /,, Ay, and @ are as shown in Fig. 1, cis the radial clearance, and «¢ is the eccen- 
tricity ratio. 


(W\-®)R, 


Fig. 2. Velocities relative to moving coordinate system. 


The problem now is to determine the forces transmitted through the films separat- 
ing the rollers from the races. For convenience we will employ a coordinate system 
which follows a particular roller and hence rotates around the shaft with an angular 
velocity w. The surface velocities relative to this to this coordinate system are shown 
in Fig. 2. The problem of the forces transmitted through the film separating two 
rotating cylinders is a classic one and its solution under the assumptions that the 
fluid viscosity is constant and the surfaces smooth and rigid appears in a number of 
places in the literature. It will be sufficient for us to cite only PurDay? for this solu- 
tion. Expressing his results in our notation, we have 


(wok + (w1— w)R|LD 


1p: Pe 
1 122 pee (2) 
H(wok + wks)LD 
EP ek”? sr 2 
2 = 1.2 Ce ae (1 + 2s) (3) 
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D 
Fry = pL y/ {0.39 (a1 — w) Ri — 3.64 woR} (4) 
hy(t + s) 
D = 2S 
F,2 = pl y/ uy 2s} {0.39 mR, — 3.64 wok } (5) 
ho(1 + S) 
es: 
Big == UL y. {3.64 (w1 — w) Ry — 0.39 wok } (6) 
Ay(t + s) 


where these forces are as shown in Fig. 3, « is the lubricant viscosity, and s is the 
roller to shaft diameter ratio. 


P, 


Pe 


Fig. 3. Hydrodynamic forces on roller and races. 


BUcueE? developed only the expressions for the P’s and F,. He then proceeded to 
eliminate w and w, by assuming no slip between the rollers and the races ; but if, as 
we have postulated, the rollers and the races are separated by full films there could 
be slip between them. The correct condition to apply is that there can be no net forces 
or torques on the rollers (provided that this leads to constant values for the angular 
velocities and that centrifugal forces can be neglected). It is apparent then that both 
Fy, and Fy, must vanish and that P, must equal P,. Inserting these conditions into 
eqns. (2)—(5) we obtain 


Q = —— (7) 


2(r + s) 
U y 
woR = 0.107 Fates: (8) 
2(1 + s) 
ho 
—=TI 4 
Ia vis (9) 


where U is the surface velocity of the inner race (shaft). We observe that the angular 
velocities are indeed constant and that, contrary to BUcCHE’s assumption, there is 
considerable slip between the rollers and the races. Note also that the film is thinner 
on the shaft than on the outer race. 
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Combining eqns. (1) and (g) we obtain 


i a c(t — € cos 6) 
* 2(r + s) ve) 


from which the minimum film thickness is given by 
hnin = ————— (11) 


Substituting eqns. (7), (8), and (10) into eqn. (2) we obtain 


BULD i => 2s 
Peta TT 5 
c(t—ecos@) 1t+s 


(12) 


for the normal force exerted by a roller on the shaft when positioned as shown in 
Fig. r. The total vertical load carried by the bearing is then given by 


Ti—" 


BULD 1+ 2s cos ¥ 270/n 
W = 1.35 ys SS (13) 
c I+ s I—é€ cos 7 20/n 
1=O0 
If there are a sufficiently large number of rollers we can set 
n—tI 20 
cos ¥ 27/n n cos 0 dé 
» = | pa er (14) 
I — ecosy2n/n 2m I — ecos 6 
7=0 oO 
which leads to 
ULDn 1+ 2s 
W = 1.35 - — K (15) 
Cc I+s 
where 
I— Vi— & 
K= ~~ (16) 
E4/t — 2 


Equation (16) is graphed in Fig. 4. As to the accuracy of eqn. (14), we find that for an 
e of 0.9 and an » of 12 (a low value) the error is never greater than 1.3%. For smaller 
values of the eccentricity ratio and larger values of m the accuracy is better. 

We can develop an expression for the frictional drag on the shaft by substituting 
eqns. (7), (8), and (ro) into eqn. (6) obtaining 


ey. D 
SSNs UL I 
Borsa it I+s c (1 — € cos 8) ey 
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Fig. 4. Load capacity factor. 


for the shear force exerted by a roller on the shaft when positioned as shown in Fig. r. 
The total frictional moment on the shaft is then given by 


n—I 

I I 
M = 1.27 sn eae Pp >. (18) 
f (1 + s) 


ae Ee € COS ¥ 271/n 


If there are a sufficiently large number of rollers we can set 


N—I 2m 
I n ( dé 

I 

rae Vi—ecosr2a/n ans Vis co 0 a) 
which leads to 
I+ 2s ; F 

M = 0.809 phULDn y2 en 

S (tees) oheG Vite > 


where I is the complete elliptic integral of the first kind and of modulus k where 


i Vou (21) 


These integrals are well tabulated (see ref., for example). Values of 


F 
VIi+eé 


are graphed in Fig. 5 as a function of e. 
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Fig. 5. Frictional moment factor. 


A coefficient of friction can be defined as follows 


M 
Why 


pc 


which from eqns. (15) and (20) can be written 


= F 
D Ka/t ENS 


i i==) 0.20 


NUMERICAL EXAMPLE 


We will now illustrate the above results with a numerical example. Consider a 
cylindrical roller-bearing consisting of 15 rollers, each 3/, in. in diameter and rf in. 
long, on a 3-in. diameter shaft rotating at 1,000 rev./min. The radial clearance will 
be taken to be 0.001 in. (a reasonable value for this size bearing), and we will assume 
a lubricant viscosity of 10 wreyns. For an eccentricity ratio of 0.9, we obtain the 
following results: W = 41 pounds, M = 3.9 pound inches, / = 0.064, Amin = 40 min. 
Note that for even as light a load as this the minimum film thickness is so small that 
surface irregularities (which could easily be as great as ro in.) are already significant. 
Also of interest is the fact that the friction coefficient for this full film bearing is very 
much greater than it would be for unlubricated rolling contact (where it is about 


0.001). 


LIMITS OF THE THEORY 


One consideration which limits the range of applicability of this theory has already 
been discussed, namely the magnitude of the surface roughness relative to the film 
thickness. Two other considerations which we will now briefly discuss are viscosity 
variations and surface deformations, 
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The maximum film pressure can be shown to be given by 


(24) 


U(r + 2s) / D 
c( 


bag = 1-19 
Pmax io 


c(i — é) 
which for our numerical example yields a value of 2430 p.s.i. A pressure of this mag- 
nitude could exert an appreciable effect on the viscosity. More important, however, 
would be temperature*variations which greatly influence viscosity. 

An insight into the question of surface deformations can be gained in the following 
way. Consider the deformation of the shaft under the roller transmitting the greatest 
normal force. From eqn. (12), this force is about 19 pounds for the example cited. If 
we assume that this force is distributed uniformly and that the shaft can be regarded 
as a semi-infinite solid, we can apply the following formula from elasticity theory? 
for the difference between the greatest and least deflection under the load. 


He Beige (25) 
o=>2in2:— 2 
E 5 


where E is the elastic modulus of the shaft. For an E of 30-1o® p.s.i. we find from this 
equation that for a P of 19 pounds, the deflection difference is about 1 yin. Thus, for 
our example, elastic deformations are on the verge of becoming important. 

Centrifugal forces have been neglected throughout this analysis. If they had been 
considered we would not have been able to equate P, and P,. The problem would still 
be workable but considerably more difficult. In the example cited, the centritugal 
force on each roller would be about one pound. This is not negligible when compared 
with the load carried by the rollers when in the vicinity of the top of the bearing. 
Therefore centrifugal force is another consideration which limits the range of appli- 
cability of this simple theory. 
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SUMMARY 


Initial shearing force and friction on repeated movement of a piston were measured in a unit 
of special design between —60° and + 20°C. Results for 10 different oils are explained in terms 
of thixotropy and viscosity of the oils. 

Friction of a bearing between —4o0°C and +10°C was measured for the same lubricants. Inter- 
pretation of results now justify an extension of the hydrodynamic theory of lubrication to steady 
conditions of movement at low temperatures. 


ZUSAMMEN FASSUNG 


UNTERSUCHUNG DER ZYLINDER-KOLBEN UND LAGER-ACHSEN REIBUNG BEI TIEFEN 
TEMPERATUREN 


Die Reibungskrafte bei der ersten und bei wiederholten Bewegungen eines Zylinderkolbens 
wurden in einer, zu diesem Zwecke entworfenen Maschine zwischen —6o0° und + 20°C gemessen. 
Ergebnisse fiir 10 verschiedene Ole konnten zu deren Thixotropie und Viskositat in Beziehung 
gesetzt werden. 

Die Reibung eines Lagers wurde fiir dieselben Schmiermittel zwischen —4o0°C und +10°C 
bestimmt. Deutungs der Ergebnisse rechtfertigt die Anwendung der hydrodynamischen Theorie 
der Schmierung auf Bewegungen unter stetigen Bedingungen bei tiefen Temperaturen. 


The greatest difficulties involved in operating engines and other machines in 
winter are caused by the thickening of lubricants at low temperatures. As far back 
as 1913 WiLson! demonstrated that solidification of the oil in an engine greatly 
increases its starting moment. The great difficulties of starting automobile motors 
in winter were pointed out by KITTERING? (1916) and CLEYDEN? (1916). Experiments 
on starting engines in a refrigeration chamber were made by the Vacuum Oil Co.* 
in 1923. During past decades a considerable number of papers have been published 
on problems of cold engine starting under both experimental and operating condi- 
tions. The investigations of a number of authors have been discussed in reviews 
(VoLaRovicH®,*), Of them we may mention the following: CHuDAKov, LARSON, 
BECKER, BLACKWOOD AND RICKLES, GRAVES, MoUGEY AND UPHAM, PAPOK AND 
Srporov, KARPENKO, KuvosHcHov, LIKHACHOV AND GALKIN, NOGAYEV AND 
MrInKIN, FIEBELKORN, HEINZE AND MARDER, SIERS, BARRINGTON AND LUTWYCHE, 
eC, | 

An examination of these studies leads to the following general conclusions on the 
question of cranking an engine crankshaft. To produce a flash the speed of rotation 
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of the crankshaft must be brought up to 30-60 r.p.m. for carburettor motors and up 
to 100-120 r.p.m. for transport diesels. No definite relation can be considered to 
have been fully established as yet between the torque, the r.p m., and the lubricant 
oil viscosity for cold starting. It should however be noted that many authors have 
come to the conclusion that there is a certain limit value to the lubricant viscosity, 
namely, about 100 stokes or, according to our suggestion (VOLAROVICH AND WALD- 
MAN’), 100 poises, below which motors can be started by means of ordinary starting 
devices. At temperatures where the lubricant viscosity exceeds 100 poises the motor 
cannot be started without pre-heating. Of course this figure is an approximation; 
there is a different degree of difficulty in starting motors with various numbers of 
cylinders. Yet, these figures give some orientation in selecting winter motor oils. 

It is well known that most of the wear of engine parts can be traced to the starting 
period. Winter starting of engines leads to especially heavy wear of bearings, cylin- 
ders and piston rings. In spite of this, there have been hardly any investigations to 
date concerning separate motor units at low temperatures (PENzIG’). We thought 
it would be interesting to study the influence of the temperature on the shearing 
stress of a piston in a cylinder and of a shaft in a bearing when lubricated with oils 
having various rheological properties. To obtain quantitative data the low-tempera- 
ture properties of motor lubricants had to be investigated first. 


Low-temperature rheological properties of lubrication oils 


To study the viscous properties of oils at temperatures as low as —60°C a special 
rotational viscometer was designed (VOLAROVICH®:®), Investigations have shown 
(VOLAROVICH AND WALDMAN’; WALDMAN?*) that the lubricant viscosity anomaly 
known earlier (JORDACHESCU!!; VELIKOvSKY?) is closely related to the thixotropic 
properties of oils at low temperatures. When cooled sufficiently, all motor oils exhibit 
a yield limit — a static yield value and a viscosity decrease with increasing velocity 
gradient (increasing angular velocity of rotation of the viscometer cylinder). This 
is due to crystallization of the paraffin hydrocarbons and to the formation of a 
grating-type structure in the oils. However, this structure is not strong and is broken 
up quite readily by the stirring due to the rotation of the viscometer cylinder. But 
the resulting suspension has no plasticity and no viscosity anomaly; upon repeat 
tests oils with broken-down structures exhibit no yield value, and their viscosities, 
like those of Newtonian liquids, are independent of the velocity gradient. 

Table I lists the characteristics of the oils tested on the piston-cylinder and shaft- 
bearing units described below. The figures in the second column of the table are the 
density values @,?° at 20°C with respect to water at 4°C; those in the third and fourth 
columns are the viscosities at 100° and 50°C in Engler degrees. Oil No. 10, which is 
oil No. 8 with a 10% admixture of a polymer, was tested to determine the influence 
of high-polymer admixtures on the starting properties of the oils. As is known, high 
polymers added to low viscosity oils greatly increase their viscosity level, at the same 
time displaying a high viscosity index, i.e. a gently sloping temperature—viscosity 
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curve. Fig. 1 shows the temperature dependence of the viscosity of the logarithm 
(7 in poises) for the oils in question. 
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Fig. 1. Temperature (@°C) vs. log viscosity (7 in poises) of lubricating oils. The abscissa axis is 
displaced 50° for each successive lubricating oil. 


TABE Ra 


LUBRICATING OILS 


Viscosity Engler degrees E 


Oil Density 
t= xo00°C E=) 50°C 
I 0.903 3.50 25.8 
2 0.8934 2.94 23 
3 0.8874 2.89 19.6 
4 0.879 2.49 14.9 
5 = 2.2 12.6 
6 0.9045 2.69 18.8 
4] 0.8843 2.88 15.8 
8 0.8970 1.76 TO 
9 == 1.33 3-05 
1o 0.894 3.53 20.1 
II 0.889 1.66 5.1 


Investigation of the shear friction of a piston in a cylinder 


For the investigation of the shearing force of a piston in a cylinder a special unit 
was designed (Fig. 2) with which experiments could be made at temperatures as low 
as —60°C (VoLAROVICH®,#8), Piston sleeve (4), mounted in a strong wooden frame (1), 
is made fast by two steel rings (5) and four bolts (12). It is surrounded by an iron 
jacket (rr) insulated with felt (14) and filled with a low-freezing liquid (alcohol, 
kerosene). To obtain the low temperatures, pieces of solid carbon dioxide or portions 
of liquid air were introduced into the liquid through a capped aperture (10). To 
maintain a uniform temperature the oil was agitated with a stirrer (13) furnished with 
a handle (18). Experiments show that with a thermostat of this kind any desired 
temperature down to —60°C could be maintained with an accuracy of Eo rhe 
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temperature was measured by means of three thermocouples (2) (copper—constantan) 
inserted through apertures drilled in the body of piston (3) so that their junctions 
were immersed directly in the oil layer. The thermocouples were calibrated before 
insertion in the usual manner. 
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Fig. 2. Diagram of unit for studying the operation of a piston in a cylinder at low temperatures. 


To actuate the frozen piston a mechanism had to be selected which could develop 
a force of over I ton at a sufficiently high speed. As it would be difficult to make a 
special mechanism of this kind, a shaping machine was employed for the purpose. 
The thermostat and its bushing were bolted to the shaper table by means of four 
bolts (6) (Fig. 2). Piston (3) with normal oil (16) and pressure rings (17), was actuated 
by means of link rod(7). A crosspiece (8) fixed to shaper head (15) by two pins passed 
through a hole in the connecting rod. To study the friction of the decompressed 
piston several holes were drilled in it parallel to its axis. Special experiments showed 
that compression had been eliminated; the pump losses were also very small. The 
piston speed was the same in all experiments and amounted to 30 r.p.m. 

The shearing force of the piston was measured with a graphite resistance trans- 
mitter (9) of the type designed by Rayevsky™. It operated only with the force 
piston moving from right to left as in Fig. 2, without recording friction of the back 
stroke. The two graphite columns of the transmitter were wired to form a Wheat- 
stone bridge, the forces being recorded on a loop oscillograph. Calibrating the trans- 
mitter by means of a lever press, the deviation of the light ray of loop on the oscillo- 
grams could be expressed in kilograms. By using several transmitters of various 
sensitivities the shearing force of the piston in the cylinder could be studied over a 
wide range of temperatures. 

Before each experiment the unit was taken apart and the working surfaces lubri- 
cated with a thin layer of the oil being tested. Freezing was carried out separately 
for each temperature. After cooling the temperature was kept constant for one hour. 

On the unit described above the behaviour of various motor oils with viscosities 
from 3.5-1.76° E at 100°C was studied. For the sake of comparison, tests were also 
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made with oil No. 9 of low viscosity, oil No. ro, 7.2. oil No. 8 containing a 10%, 
high polymer admixture, and lubricating grease. 

Figs. 3 and 4 are typical oscillograms; the movement of the piston should be 
considered to be from left to right. Each photograph gives the curve of one oscillo- 
gram for three successive strokes of the piston at a definite temperature. The upper 
curve corresponds to the first stroke of the piston, the middle one to the second, and 
the lower one to the third stroke. The figures show that a very important factor in 


Fig. 3. Oscillogram of shearing force of piston for No. 4 oil at ¢ = —47°C. 
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Fig. 4. Oscillogram of shearing force of piston for No. 1 oil at ¢ = —35 
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motor oils at low temperatures is the force at the beginning of shearing during the 
first piston stroke. The first peak (the peak of the first piston stroke could not be 
accommodated in Fig. 4) is many times greater than the force during the subsequent 
movement of the piston. During the second and third piston strokes both the height 
of the peak and the forces due to movement of the piston decrease considerably. 
At the end of each piston stroke the friction is observed to rise, this being due to the 
drop in speed. 
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Vig. 5. Temperature dependence of shearing force of piston Fs and of force during motion of the 
piston Fg for various oils. Dotted line, lubricating grease. 


The measurements of the oscillograms were used to plot curves (Fig. 5) represent- 
ing the temperature dependence of the initial shearing force F’, and the friction Fg 
during the movement of the piston in semi-logarithmic scale for various oils. Attention 
is drawn to the different nature of the curves for the initial shearing force F, and the 
force fq. The log Fs = f(¢) curves invariably rise sharply as the temperature falls off 
while the log /’q = /,(¢) curves first rise steeply, but then bend as lower temperatures 
are reached, after which the rise becomes more gentle. 

The following assumption can be put forward to explain this phenomenon. As the 
temperature drops the force required for the initial shift of the piston and for shearing 
the solidified layer of oil around the rings invariably increases sharply owing to the 
rise in the viscosity of the oil. The subsequent movement of the piston, however, 
even during its first stroke at very low temperatures, does not require such a great 
effort, as the piston rings begin to move and the piston slides more lightly over the 
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cylinder surface. It is also possible that during the movement of the piston the oil 
layer in the clearance between the rings and the sleeve is thicker than it was at the 
beginning when the piston was immobile; as a result ot this the friction drops after 
the piston has moved a few millimetres. 

The sharp drop in F; and Fg during the second and third strokes of the piston is 
due to the thixotropic properties of oils at low temperatures, i.e. to the sharp drop 
in the static yield point and the structural viscosity of the oil under the action of the 
shearing stresses developed during the movement of the piston. 

It is evident from Fig. 5 that oils No. 2 and No. 3 are very similar in starting 
properties. Their viscosity curves are also similar. The shearing force curves of 
oils No. 4 and 5 practically coincide. The viscosity level of oil No. 4 is a little 
higher than that of No. 5 and for that reason the first of these selectively purified 
oils should be regarded as superior in starting properties. Taking into account the 
low viscosity level of oil No. g, it may be concluded that it exhibits a higher shearing 
force at low temperatures than might have been expected. Lubricating grease showed 
gently sloping fF; and Ig curves. Obviously greases have better starting properties 
at low temperatures, in agreement with their rheological properties (VELIKOVSKyY!>, 
VINOGRADOV AND PavtLov!$). 

Oil No. 10, containing a high polymer admixture, exhibits a gently sloping shearing 
stress curve and therefore good starting properties. At 20°C the shearing force Fs 
of the oil with the admixture is even higher than that of oil No. 2; in starting the 
motor this gives no complications. But at low temperatures the shearing force curve 
F, of the oil with admixture is displaced by a margin of 20° with respect to the curve 
for oil No. 2, which should greatly facilitate engine starting. The fg curves for the 
piston stroke, though displaced less still differ by ro degrees. 

There is a great difference between the Ff; and Fg values, and this increases as the 
temperature drops. 


TABLE II 
Oil No. 9 Od) No. 4 O.l No. 2 
oe 20°C —40°C —20°C —4o°C —20°C — 40°C 
Fs (kg) g.. 40 24 174 96 795 
Fq (ig) 8.5 32 18 59 38 120 
ae Fa (oy) 6.7 20 25 66 60 85 
eS, 


By way of example Table II gives the data for three oils with different viscosity 
levels. It can be seen that the force Fg developed during the movement of the piston 
is only 15% of the initial shearing force Fs for oil No. 2 at —40°C. 

It was necessary to ascertain whether any relation exists between the stresses Fs 
and Fq and the oil viscosity at the respective temperatures. or this purpose the 
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Fig. 6. Fs and Fg vs. oil viscosity (7 in poises) in logarithmic scale. Abscissa axis is displaced one 
unit for each successive lubricant. 


values log F, (dots) and log Fg (circles) were plotted on Fig. 6 against the logarithm 
of the viscosity (7 in poises). The viscosity values were taken for oils with broken- 
down structures. In Fig. 6 the abscissa axis for each successive oil is displaced by one 
unit. It can be seen that for all of the oils a linear relation of the following form is 
obtained over a considerable interval: 


Fs = Bye. 


In the case of both F; and Fg the values of B were found to equal unity with 
considerable accuracy for all the oils. The value of a for F; was found to equal 0.5 
and for Fg, 0.45. This agrees with the conclusions of BARRINGTON AND LUTWYCHE 
as well as those of I. S. KHvosHcHOV (VOLAROVICH®). 

In Fig. 6 the parts of the straight lines near zero on the log 7 axis are drawn con- 
ventionally because with decreasing viscosity a transition to dry friction will be 
observed in this region and forces Fs and Fg will begin to grow, causing the lines 
to bend upwards. 

To see whether there is any conformance between the F’, and Fg values for various 
oils at the same viscosity, lines of equal viscosity were plotted for 10, t00 and 1000 
poises (Fig. 7). At 10 and 100 poises the lines of equal viscosity show that the increase 
in the shear force of the piston F’ is, in first approximation, identical for all oils of 
equal viscosity. The same is observed also for Fg. No such relationship is observed 
for a viscosity of 1000 poises. 
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Fig. 7. Lines of equal viscosity (10, 100, and 1000 poises) for shearing of piston at various tempera- 
tures. 


Investigation of the friction of a shaft in a bearing 


A diagram of the unit designed for studying the friction in a shaft-bearing pair at 
temperatures down to —50°C is shown in Fig. 8 (VOLAROVICH AND LAzOvsKAYA!*), 
A steel shaft 15 mm in diameter and 190 mm long was placed in the centre of a 
turning lathe. A Textolite rod running through the inside of the shaft served as heat 
insulator. A special pin perpendicular to the shaft axis put the shaft into rotation 
when the lathe motor was switched on. The shaft had a bronze bearing (2) 40 mm 
wide and with a diametrical clearance of 0.05 mm. 


Fig. 8. Diagram of unit for studying friction of shaft in bearing at low temperatures. 


For measuring the moment of the friction forces a strong Textolite lever (3) 
arranged horizontally was fixed rigidly to the bearing and pressed against a graphite 
transmitter (5) by means of steel taper (4). The bottom of the transmitter rested on 
a steel platform (6) supported by a plate (8), which was connected to the frame of the 
lathe. The two graphite columns of the transmitter were connected bridge fashion 
to a loop oscillograph. After calibrating the transmitter the deviations of the light 
ray of the loop on the oscillograms could easily be expressed in kilograms. 

The influence of the bearing load on the shearing force of the shaft during starting 
could be studied by means of a special device consisting of a rectangular steel lever (7) 
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with various weights on its end. The vertical short arm of the lever (7) was connected 
by a steel cable (g) to the Textolite lever (3). In this way the load on the bearing 
could be increased to 30 kg/cm?. To cool the bearing to ¢ = —50°C, it was placed in 
a copper thermostat (12) of a special shape and a non-freezing liquid was added. The 
thermostat was insulated with felt (11) and surrounded by a fibre hood (10). The 
temperature of the lubricating layer was measured by means of three copper—con- 
stantan thermocouples, two of the junctions of which are marked by arrows in 
Fig. 8. The third junction is at the edge of the bearing. Owing to the high heat con- 
ductivity of the metal the temperature throughout the lubricating layer was identical 
within -- 0.5°C in spite of the slot in the thermostat jacket for accommodating the 
Textolite lever. 

The cranking speed of the shaft was recorded by means of a selenium photoelectric 
cell and a small lamp, located on either side of a thin Textolite disk mounted on the 
shaft and having nine equally spaced apertures around its circumference. The photo- 
electric cell was wired to a loop oscillograph so that as the shaft rotated peaks were 
recorded on the oscillogram at the moments that the disc apertures passed between 
the photoelectric cell and the lamp. As the displacement would be slow during the 
first moment after switching on the lathe, an additional aperture was made in the disc, 
and the photoelectric cell and lamp were placed close to this aperture at the be- 
ginning. 

Before each experiment the unit was taken apart and a layer of the test oil (see 
Table I) was applied to the thoroughly washed surfaces of the shaft and bearing. 
Then the shaft was replaced in the bearing, without removing the latter from the 
thermostat. After this the unit was placed at the centre of the turning lathe and a load 
was hung on the lever to cause a stress of 7 kg/cm? (or more) on the bearing. The 
bearing was cooled to the desired temperature by adding liquid air to the thermostat 
liquid. The unit was then maintained at constant temperature for one hour. Subse- 
quently the oscillograph was switched on and the motor was started, rotating the 
shaft in the bearing. About one revolution of the shaft was recorded on the oscillo- 
gram. In the course of this time the shaft was usually able to acquire a constant 
speed of 48 r.p.m. or 32 r.p.m. 

Fig. 9 shows by way of example the oscillograms obtained for oil No. 1 at ¢ = 
—r4°C and for oil No. 4 at ¢ = —18°C. The arrow indicated the direction of the 
process. It can be seen that the shearing force is rather high at the beginning and 
then falls off a little. However, further cranking of the shaft and increasing its speed 
of rotation again raises the force, and in the case of oil No. 1 (see Fig. 9) the latter 
reaches a definite value when the shaft speed attains its constant predetermined 
value of 48 r.p.m. It may be assumed that the initial stages are masked by dry (or 
boundary) friction since at the beginning of the experiment the oil may be pressed 
out of the clearance under the action of the load so that only a thin boundary film of 
oil remains at the point of contact between the shaft and the bearing. Then a transi- 
tion to liquid friction is observed and the coefficient of friction decreases. But if the 
speed is raised further the coefficient of friction increases, in agreement with the 
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Fig. 9. Oscillograms of shearing of shaft in bearing: (a) No. 1 oil at # = —14°C; (b) No. 4 oil at 
t= —18°C. 1, Transmitter; 2, Photoelectric cell; 3, Angle of turning of the shaft. 


hydrodynamic theory of lubrication. The shaft centre, as is known, describes a rather 
complex trajectory. 

Fig. 10 shows the temperature dependence of the static moment of friction (in 
semi-logarithmic scale) for the oils of various viscosity levels listed in Table I. As is 
evident from Fig. 10, the curves exhibit a definite relationship. With the high- 
viscosity oils (No. 1 and No. 2) the friction moment M, proves to be smaller at 
positive temperatures than with low-viscosity oils. However, as the temperature 
drops the curves intersect. In the low temperature region M, is much smaller for 
oils with low than for those with high viscosities. 


log Ms 


0.5 


he) 
-40 -30 -20 -10 le) 10 t°C 


Fig. 10. Temperature dependence of logarithm of static friction moment (Ms) for Nos. 1, 2, 4 and 
iz oils with various viscosity levels. 


The result described is in agreement with the above. Dry friction is apparently 
observed in the positive temperature region on the curves in Fig. 10 for low-viscosity 
oils as the latter are completely pressed out of the loaded part of the bearing in a 
short time. High-viscosity oils are obviously not pressed out completely and the 
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remaining thin oil film accounts for the lower value of M;. At low temperatures the 
unloaded part of the bearing also comes into play. This leads to an increase of friction, 
especially sharp in the case of highly viscous oils where lowering the temperature 
causes a very great increase in viscosity and owing to structure formation a yield 
point appears. 


Verification of the -hydrodynamic theory of friction in sliding bearings at 
low temperatures 


It is common knowledge that since the works of N. P. PETRov (1883) and OSBORNE 
REYNOLDs (1886) the hydrodynamic theory of friction has been greatly developed 
and has been verified many times over for sliding bearings at normal and elevated 
temperatures (HERSEY’8). Under such conditions with purely hydrodynamic condi- 
tions of lubrication the coefficient of friction is not high: of the order of 0.00I-0.0I. 
It appeared interesting to evaluate the coefficient of friction ~ on the basis of our 
experiments by way of verification of the hydrodynamic theory of lubrication in the 
low-temperature region. 

For this purpose we employed the following formula (ORLow!?%): 


ma Hw d\1.5 
—— + 0.55 7 y, 


where 7 is the viscosity of the lubricating oil at the test temperature, w the angular 
velocity of rotation, # the pressure in kg/cm? in the projection of the bearing, d the 
shaft diameter, / the bearing length, y the relative clearance, 7.¢., 


ie) 
-40 -30 -20 =e) ie) 10 tC 


Fig. 11. Temperature vs. friction coefficient u of shaft in bearing for p = 


s 2 kg/cm? at 
r.p.m. for various oils calculated by formulae. 7 ke/ at 32 and46 
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finite length of the bearing /. On the basis of the viscosity curves given in Fig. 1 the 
values of 4 were calculated for the bearing described above according to this formula 
and the temperature dependence of « was plotted in Fig. rz for oils Nos. 1, 2 and 4. 
It should be remembered that Fig. 1 represents the viscosity of oils with broken- 
down structures, which excludes the viscosity anomaly, thixotropy and yield values 
of the oils. This corresponds to the state of the oil during kinetic friction in the 
bearing. Owing to the very high velocity gradient within the thin oil layer in the 
clearance between the shaft and the bearing the oil structure which forms when the 
temperature drops is broken down completely by the time the shaft has rotated 
through not more than a few dozen degrees. 

It was further interesting to ascertain the nature of the relation between the 
friction coefficient and the non-dimensional parameter yw/p (inverse value of the 
Sommerfeld parameter) in the low-temperature region. Table III gives the corre- 
sponding data at a pressure of 7 kg/cm? for various oils obtained from Fig. 1 and from 
the oscillograms. 


TABLE III 
Oil ° n ® N® 
No. a centipoises r.p.M- p u 
—8 12,680 48 87,600 0.250 
4 —16 39,700 48 272,200 0.88 
—28.5 397,000 48 2,722,000 5.4 
8 3,540 32 16,200 0.12 
2 —3 13,500 32 61,800 0.336 
—I3 60,400 32 276,000 0.82 
16 2,140 48 14,700 0.032 
i 2 8,550 48 58,700 0.264 
—14 102,000 48 700,000 5.15 
5 2,150 32 9,840 0.104 
—3 4,990 32 22,800 0.168 
7 —26 252,000 32 1,150,000 2.00 
—34 1,580,000 48 10,800,000 4.00 
8 —I3 10,200 48 70,000 0.68 
fo) 4,400 32 20,400 0.096 
—18 63,200 32 289,000 0.52 
Le 34 892,000 32 4,080,000 1.8 
—39 1,930,000 32 18,000,000 1.28 


Fig. 12 represents the dependence 
= ae ‘s 
ip) 


Such a curve for sliding bearings was plotted earlier only in the region indicated in 
Fig. 12 by a dotted line. It can be seen that with the exception of the lowest tempera- 
ture our data corresponding to oil viscosity values of hundreds of thousands of centi- 
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Fig. 12. Characteristic diagram of sliding bearings. 


poises fall quite well on the straight line drawn as the extension of the dotted line. 
Thus the characteristic bearing diagram has been considerably extended by us into 
the region of high viscosities, 7.e. low temperatures and high friction coefficients, up 
to 5-6 units. 

On the basis of the above we feel justified in recommending the hydrodynamic 
theory of lubrication for calculation of steady conditions of movement of sliding 
bearings at low temperatures down to —30°C. 
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ON THE ACTION OF METAL CUTTING FLUIDS AT LOW SPEEDS* 


MILTON C. SHAW 


Massachusetts Institute of Technology, Cambridge, Mass. (U.S. A.) 


SUMMARY 


Fluids used in metal cutting may be classified into those that are most useful at lowspeeds and act 
predominantly toimprove surface finish and those that are most useful at high speeds and act predom- 
inantly as coolants. The low speed materials function by reacting chemically with the chip to 
form a solid layer which prevents welding and metal transfer between chip and tool. Since effective 
fluids of this type cause a decrease in the cutting energy and all forces, it has been thought that 
they function by providing a low shear strength film between chip and tool. A recent study of the 
action of low speed fluids indicates that one of their requirements lies in the ability to produce 
a velatively high shear strength layer. Data supporting this high shear strength idea are presented, 
together with an explanation for the paradox. 


ZLUSAMMENFASSUNG 


UBER DIE WIRKUNG DER SPULFLUSSIGKEITEN BEI SCHNEIDENDER METALLBEARBEITUNG MIT 
GERINGER GESCHWINDIGKEIT 


Bei der schneidenden Metallbearbeitung werden zwei verschiedene Gruppen von Flissigkeiten 
verwendet, diejenigen, die bei niedrigen Geschwindigkeiten besonders wirksam sind und haupt- 
sachlich zur Verbesserung der Oberflachengiite beitragen und andere, die gerade bei hoher Bear- 
beitungsgeschwindigkeit niitzlich werden und zwar als Kiih]mittel. Die zuerstgenannten Flissig- 
keiten wirken dank einer chemischen Reaktion mit dem Span, hierbei bildet sich eine Festk6érper- 
schicht, die Verschweissung und Metalliibertragung zwischen Span und Werkzeug verhindert. Da 
witksame Fliissigkeiten dieses Typus eine Erniedrigung der Schneidearbeit und der iibrigen Krafte 
verursachen, wurde bisher angenommen, dass ihre Wirkung auf der Bildung einer Schicht mit 
kleiner Schubstarke, zwischen Span und Werkzeug, beruht. Eine neuere Untersuchung ergab 
jedoch Hinweise, dass die Bildung einer Zwischenschicht mit velativ hohey Schubstdrke eine not- 
wendige Bedingung ist. Zahlenwerte, die diese Annahme einer hohen Schubstarke bekraftigen 
werden zugleich mit einer Erklarung des Paradoxes mitgeteilt. 


INTRODUCTION 


Fluids have been used for over 50 years in connection with metal cutting opera- 
tions, to achieve one or more of the following purposes: 

1. To decrease cutting forces. 

2. To improve surface finish. 

3. To transfer heat from a critical area to a less critical one. 

4. To carry away debris. 

5. To protect finished surfaces by leaving behind a corrosion-resistant film, 

* Presented at the Division of Petroleum Chemistry, 134th National Meeting of the American 
Chemical Society, Chicago, September 7-12, 1958. 
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The large variety of fluids that are available commercially can be divided into two 
classes: the oil-base fluids that are designed primarily to improve surface finish at 
relatively low cutting speeds and the water-base fluids that are used chiefly to im- 
prove tool life by cooling. The commercial cutting fluids for use at low cutting speeds 
are mainly petroleum-base materials containing active compounds of sulfur, chlorine 
or phosphorus. Carbon tetrachloride is the simplest compound that characterizes the 
action of a slow-speed cutting fluid, and although this compound cannot be used 
commercially because of its toxicity, it is a convenient material for study in the 
laboratory. Carbon tetrachloride is almost universally effective in reducing cutting 
forces, being effective for all metals except lead and tin. 

In this paper we are concerned with the mechanism by which a slow-speed cutting 
fluid such as carbon tetrachloride acts to reduce cutting forces and to improve surface 
finish, 


Fig. 1. Photomicrographs of partially formed chip (a) cut in air (energy per unit volume = 
270,000 p.s.i,), (b) cut using carbon tetrachloride (energy per unit volume = 141,000 p.s.i.); 
material, Br112 steel; speed, 5.75 in/min; rake angle, 30°; undeformed chip thickness, 0.010 in.; 
width of cut, 0.170 in. 


CURRENT IDEAS 


The action of carbon tetrachloride is dramatically illustrated in Fig. r. Here, a 
partially formed chip produced with a dry tool is compared with that obtained when 
a few drops of carbon tetrachloride are applied to the chip-tool interface. The cutting 
energy for the CCl, cut is only about half that for the cut made with the dry tool. 
The surface finish is also seen to be much better than in the case of the dry tool. 

When a cutting dynamometer is used to measure the horizontal (/,) and vertical 
(/*9) force components in such a case, the ratio of the tangential force on the tool face 
to the normal face (this ratio is generally referred to as the coefficient of tool face 
friction, 4) may be computed by the method introduced by Mercuant?. When this 
is done for Fig. 1, «4 is found to be 0.50 for the dry cut and only 0.25 for the cut made 
in the presence of CCl, vapor. 

Representative results for several cutting fluids are given in Table I. The symbols 
employed in this table have the following meaning, and ref.1 should be consulted for 
the method of computation. 
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: 
F, = cutting force component in direction of cutting velocity vector 
[4 = cutting force component in feed direction 
~ = angle between primary shear plane and velocity vector 
@ =radius of curvature of chip 
y = mean shear strain in chip 
(4 = coefficient of tool-face friction 
T = mean shear stress on shear plane 


= mean normal stress on shear plane 


TABLE I 
REPRESENTATIVE CUTTING-FORCE DATA 
Work material, Br213 steel; tool material, 18—4-1 H.S.S.; rake angle, 15°; width of cut, 0.25 in.; 


undeformed chip thickness, 0.005 in.; cutting speed, r in./min. 


E Fluid Fp(lb,) FQ(lb.) (deg.) ae Semi Y U. t(p.s.t.) e o(Pp.s.t.) 
CCl4 230 oe) 28 0.03 Pas 0.24 77,100 38,500 
Air 450 90 13 0.17 4.05 0.50 79,400 37,100 
Water 350 40 19 0.10 3.03 0.39 81,500 38,300 


From such experiments it has been reasoned that CCl, vapor penetrates the space 
between chip and tool, and there reacts with the chip material to form the metal 
chloride. In the case of aluminum, the reaction products have been identified and the 
following reaction is indicated? 


2Al + 6CCl4— 2AIClgz + 3CeCle 


There is considerable evidence that the cutting fluid reacts chemically under the high 
temperatures and pressures present on the newly formed and highly stressed chip 
surface, and the unique conditions provided by the cutting process have actually been 
utilized to initiate organometallic reactions’. 

The fact that the coefficient of cutting friction () is reduced by use of CCl, has led 
the author as well as others in this country to dismiss the action of CCl, as being due 
to the formation of a low shear strength solid lubricant which keeps chip and tool 
separated. Such statements are to be found at many points in the American literature 
(for example, see refs.4,°). 

Russian workers have taken a somewhat different view of this action. REBINDER® 
has described experiments in which a surface-active agent was found to lower the flow 
stress of a tensile specimen. REBINDER reports that when a tin specimen coated with 
a layer of oleic acid in cetyl alcohol is tested in tension, the flow stress curve is not only 
lowered but the spacing of active slip planes in the deformed specimen is reduced. 
REBINDER concluded that the oleic acid had penetrated cracks initially present in the 
surface of his specimen and that the material that was adsorbed there lowered the 
strength of the specimen; he termed such action hardness reduction. REBINDER and 
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his associates have performed many experiments utilizing this idea in the field of rock 
drilling’ as well as in metal cutting’-!6, A summary of this work is to be found in ref.” 

The more recent Russian papers on metal cutting speak of the formation of many 
microcracks at the tool tip when the new surface is generated, the smallest of which 
are capable of quickly healing. The adsorbed fluid is believed to keep the microcracks 
from closing up again as the load changes. The increased number of points of stress 
concentration on the surface yield a closer spacing of active slip planes. 

EpiIFANov?® suggests that when an active cutting fluid penetrates the cut surface it 
makes the material more brittle in a manner similar to hydrogen embrittlement and 
that this decrease in plasticity in turn causes the metal to shear with the expenditure 
of less work. 

When metal is cut in the presence of CCl, there is no evidence of an embrittling 
effect ; on the contrary the material appears to behave in a more plastic manner. The 
Russian suggestion that an active fluid yields.a greater number of active shear planes 
appears to be correct (for example, note the greater smoothness of the back of the 
CCl, chip in Fig. r which results from the closer spacing of shear planes in this case). 
However, this should result in there being a smaller amount of shear on a single shear 
plane, and hence in a smaller amount of strain-hardening for a given amount of strain. 

The Russian literature suggests that the action of CCl, is not chemical but physical 
and the fact that CCl, is even more effective on platinum than on most other more 
reactive metals is cited as evidence!®, The possibility that it is not only possible but 
likely that CCl, will react chemically with platinum under the conditions found at the 
tool point is not considered. 

The difference in the present American and Russian points of view regarding the 
action of CCl, may be summarized as follows. In this country, the fluid is thought to 
act by reacting chemically to form a low shear strength solid lubricant. In Russia the 
fluid is thought to adsorb physically into microcracks in the chip at the tool tip and 
thus to lower the strength of the metal on the shear plane as well as along the tool 
face. 


CARBON TETRACHLORIDE AS A LUBRICANT 


There appears to be no evidence that either carbon tetrachloride or its reaction 
product with steel, FeCl, exhibits good lubrication action in the sense that these 
materials give low sliding friction. For example, when CCl, is used as a wire-drawing 
lubricant for steel wire very high friction results, whereas materials such as oleic acid 
give low die friction. 

A number of friction tests performed in the metal-cutting laboratory at M.I.T. have 
shown that both CCl, and FeCl, give much higher friction than oleic acid between 
sliding steel surfaces, and in fact even higher friction than that pertaining for dry 
surfaces sliding in air. These tests were run by first making a planing type cut of 1/, in. 
width on a specimen 3 in. long. The clearance face of the high speed steel tool used 
to make the cut was then immediately loaded against the freshly cut surface and 
drawn back after first applying the appropriate lubricant. The coefficient of friction 
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recorded using the cutting dynameter on this machine was found to be independent 
of the normal load. Values given in Table II are averages of 5 or more tests each and 
are representative of a large number of such sliding tests. 


GAB I au 


FRICTION EXPERIMENT ON FRESHLY CUT SURFACES 


Surfacetreatment 4 Fluid 1 Mean poeiee of ae 
Cut with o.or in. CCl 0.23 
feed using CCly; Air 0.18 
allowed to dry. Oleic acid 0.14 
Cut with o.o1 in. CClq4 0.32 
feed using oleic acid; Air 0.22 
washed with CCl, and Oleic acid 0.19 


allowed to dry. 


Cut with 0.005 in. CCl, 0.2 
feed in air. Air 0.65 
Oleic acid Cyty) 
Cut with 0.002 in. Water 0.39 
feed using water; CCla 0.38 
allowed to dry. Air 0.38 
Graphite 0.15 
Molybdenum disulfide 0.10 


As long as the cut surface is smooth (?.e., when cut using CCl, or oleic acid) the 
coefficient of sliding friction in air is small and much below that pertaining for carbon 
tetrachloride. When, however, the surface is rough (as when cut in air), the oxide 
breaks down and the friction is very high. In some tests the surface cut with CCl, was 
first washed with water before testing with air, or oleic acid, but this made no differ- 
ence in the results obtained. In no case was the friction coefficient obtained with 
CCl, in the same class with such good lubricants as oleic acid, graphite or molybdenum 
disulfide. 


TABLE II 


FRICTION TESTS WITH 1/4 IN. DIAMETER AISI 51,000 HARDENED STEEL BALL SLIDING ON AN AISI 
1020 STEEL TURNTABLE AT 6 F.P.M. 


Fluid Mean coefficient of friction 
Air 0.52 
FeCls 0.49 
CCl4 0.29 
Mineral oil 0.18 
Oleic acid 0.13 
Graphite O.11 
Molybdenum disulfide 0.08 


In Table III friction values are given for a steel ball rubbing on a steel turntable. 
Before each test a new spot on the ball was selected and both sliding surfaces were 
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washed with benzene. The steel plate was then abraded with 4/) aluminum oxide 
paper immediately before the test lubricant was applied. The plate was somewhat 
rougher than the surfaces mentioned in Table III and hence the friction results in air 
were high. In this test the CCl, values were of intermediate magnitude, but distinctly 
higher than those for mineral oil or the better lubricants: oleic acid, graphite, or 
molybdenum disulfide. 

From these considerations it would appear that CCl, is not a lubricant in the sense 
that oleic acid or graphite is or in fact even in the sense that a thin oxide film present 
on a smooth metal surface is. 

We are now faced with the following paradox. While carbon tetrachloride appa- 
rently gives relatively high friction in sliding experiments it gives very low values of 
tool face friction and cutting energy in cutting experiments. 


SUGGESTED ROLE OF CARBON TETRACHLORIDE 


When Fig. r is carefully examined it is seen that the chip produced with the aid of 
CCl, is thinner, more homogeneously deformed (as evidence by the smoother back 
surface of the chip) and shows more curl, indicating a shorter contact length between 
chip and tool. 

If we are to trace what happens when a few drops of CCl, are placed on the tool face 
when a cut is in progress, we must begin by having the fluid vaporize and then 
penetrate to the tool tip to fill the small vacuous cavity generated as the new surface 
is produced. The vapor there reacts with the freshly cut metal to form iron chloride, 
which is carried across the tool face as the chip moves outwardly. The iron chloride 
thus produced increases the tool face friction and causes the metal in the chip adjacent 
to the tool face to be sheared downwardly. This secondary shear will cause the metal 
near the tool face to become harder if the metal is capable of strain-hardening. The 
secondary shear flow will then extend all the way across the chip. This gives rise to 
the curved lines of crystal elongation evident in Fig. r for the CC], cut. 

As a result of the progressively increasing downward flow encountered as we pass 
from the back surface of the chip to its tool face surface, the chip must curl in accor- 
dance with volume continuity. As the chip bends away from the tool face there is a 
decrease in the contact area and an increase in the normal stress on the tool face. 

In order to consider the influence of this increase in normal stress on the tool face 
we must digress and consider the manner in which the coefficient of friction of a slider 
varies with normal load under a wide range of conditions. For light and moderate 
loading of a slider the law of Amontons holds which says that the coefficient of friction 
is independent of normal load. This holds as long as the real area of contact between 
the sliding surfaces (Ar) is small compared with the apparent area of contact (A’), 
and is represented by the proportionality between sliding stress and normal stress in 
region 1 of Fig. 2. If we consider next the situation when the normal load is very high 
and the real and apparent areas approach each other, we have the case of shear flow 
within a solidjmetal. Since the shear stress in plastic flow is essentially independent 
of the normal stress on the shear plane, the curve of Fig. 2 will be quite flat in the 
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vicinity of point 2. It is reasonable to expect that regions 1 and 2 will be connected by 
a smooth curve as shown. In metal cutting the normal stress on the tool face is very 
high and our operating point undoubtedly lies beyond the region where Amontons’s 
law holds. 


Fig. 2. Relation between shear stress and normal stress for friction slider under a wide range of 
surface loading. 


When cutting in air the relation between the tool face stresses should correspond 
to a point such as A in Fig. 2. When CCl, is added the friction should increase, the 
chip should curl if the metal can strain-harden, and the resulting decrease in chip—tool 
contact length should cause an increase in the normal stress as outlined above. The 
operating point should thus shift from A to a point B in Fig. 2. Since we are beyond 
the region of Amontons’s law the coefficient of tool face friction clearly decreases as we 
shift from point A to point B. 


Fig. 3. Comparison of cutting forces at tool tip width and without chip curl. 


The forces acting on a chip are as shown in Fig. 3. The solid lines pertain to a chip 
cut in air, while all dotted lines pertain to a cut made in the presence of CCl,. When- 
ever there is a shift in the resultant force vector into a more horizontal position as 
from Ra to Rz, there is a corresponding upward shift in the shear plane as from OA 
to OB. In ref.18 it was shown that when a given material is cut under a variety of 
conditions, the following equation holds quite well. 


gy —tan-1 (u) + a = constant. 


From this equation we should expect the shear angle to increase by the same amount 
that the friction angle (tan-1 yw) decreases when CCl, is added to the system. 
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The increase in shear angle will decrease the length of the shear plane from OA to 
OB, which has a very important effect upon the magnitude of resultant force (R?). 
Hence, (Rp’) will be significantly less than (Ra’) and so also will force (Rz) since 
(Rs) and (Rz’) must be equal to each other and oppositely directed for static equili- 
brium. 

For all of the foregoing action to occur it is important that the chip should remain 
continuous and not develop large cracks or go out of control during either of the two 
major shear processes. The CCl, undoubtedly also plays a major role in this connec- 
tion. When a chip is produced in air the cracks that are formed at the tool tip as the 
new surface is generated will vary in size as a result of the varying size of imperfections 
that are found in a metal. A few of these cracks will be very large and will cause the 
metal to flow locally an unusual amount during the primary shearing process. This 
gives rise to a chip having a coarse block structure on its back surface. Since local 
strain-hardening should depend upon the amount of strain that occurs on a single 
shear plane?®, a chip that is cut dry will contain bands of material that is highly 
strain-hardened at those points where large strains occurred. These bands of strain- 
hardened material will hinder secondary shear flow parallel to the tool face, and 
hence will interfere with chip curl. 

When carbon tetrachloride reacts in the freshly severed zone it should wipe out the 
naturally formed surface cracks with their variation in size and substitute a finer, 
more uniform network of surface imperfections. This should result in there being many 
more active slip planes, as suggested by REBINDER, and the chips should be more 
homogeneously strained during the primary shearing process. However, this should 
give rise to much less strain-hardening in the chip (not more, as suggested in the 
Russian literature) and the secondary shear flow associated with chip curl should 
not be hindered. The idea of the fluid propagating into the surface of the metal and 
producing a weakened layer is not consistent with the secondary shear flow evident 
in Fig. 1. The bent-down flow lines that make possible the all-important chip curl 
associated with the use of CCl, can only result when we have a material in the chip 
that becomes progressively stronger as we approach the tool face. This condition is 
satisfied by strain-hardening but is in opposition to the presence of a weakened surface 
layer. 

In summary, it may be said that the new explanation for the action of CCl, retains 
only the chemical reaction aspect of the present American picture and only the 
homogeneous strain aspect of the present Russian picture. The main actions resulting 
from the chemical reaction of CCl, vapor at the tool tip are 
1. The removal of the naturally occurring surface imperfections of varying size and 

the substitution of a greater number of uniform imperfections giving rise to a 

greater density of active primary shear planes and a strain-hardening condition in 

the chip that is more favorable to secondary shear flow. 
2. A primary increase in tool face friction resulting from the presence of FeCl. 
3. A large amount of secondary shear flow in the chip which gives rise to chip curl, 

a reduction in tool-face contact length, and consequently a reduction in the result- 
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ing tool-face friction coefficient, an increase in the shear angle, and a reduction in 
cutting energy. 


CUTTING OF LEAD 


As previously mentioned, carbon tetrachloride is not a good cutting fluid for lead. 
In fact, the cutting energy is greater when lead is cut in the presence of CCl, than 
when cut in air (see Table IV). The explanation previously given for this was that lead 
chloride has a higher shear strength than lead oxide or even lead itself. While this is 
correct, it is not sufficient to explain the action of CCl, on lead, for even though iron 
chloride has a larger shear strength than iron oxide it is a very effective cutting fluid 
for steel. The difference between lead and most other metals lies in the fact that lead 
does not strain-harden at room temperature. In the case of steel, CCl, is effective 
because it provides increased shear stress which causes the chip to curl as a result of 
the ability of the steel to strain-harden. In the case of lead, only the initial increase in 
friction is present. Owing to the absence of strain-hardening the secondary overriding 
change in tool-force friction is missing and the net result is a detrimental rather than 
a beneficial one, as in the case of steel. 


TABLE IV 
CUTTING DATA FOR LEAD 


Too! material, 18-4-1 H.S.S.; rake angle, 15°; width of cut, 0.25 in.; undeformed chip thickness, 
0.005 in.; cutting speed, 1 in./min. 


Fluid Fp(lb.) Fe(lb.) (deg.) Y u. t(p.s.t.) o(p.s.1.) 
Air 16 9 20 2.85 .97 3250 3780 
CCl4 16 10 19 2.95 1.07 3250 4000 
Water 10 2 Bir 1.95 0.50 2050 1870 
Benzene 12 2 28 2.10 0.44 2380 2010 


The only other metal that has been found for which CCl, fails to give a significant 
decrease in net tool-face friction or cutting forces is tin. For tin the cutting forces in 
air and with CCl, are very nearly the same and this is also believed to be due to the 
failure of tin to strain-harden under the conditions that pertain at the point of a tool. 
All other metals that strain-harden at room temperature, including platinum, palla- 
dium and gold yield a significant improvement in cutting performance with CCl, over 
dry cutting. Even the most noble metals appear to react readily with CCl, under the 
unique set of conditions pertaining at the tool tip. 

Both water and benzene are seen to give good results when lead is cut. The reason 
for this lies in the fact that these materials are completely inert and the lowest friction 
corresponds to that for pure lead. Water and benzene prevent lead oxide from being 
formed by reaction of the freshly cut metal with air. Lead oxide gives almost as high 
a value of friction as the lead chloride produced with CCl,. For most other metals the 
poorest cutting performance is obtained with an inert material such as benzene, since 
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the metal oxide has a beneficial effect. In addition to lead, a second exception to this 
general rule is to be found in platinum, which can be machined best of all with such 


inert materials as benzene, toluene and xylene. 


(c) 


Fig. 4. Photomicrographs of chips produced using different cutting fluids (a) carbon tetrachloride, 
(b) oleic acid, and (c) air. Cutting conditions: work material, 1020 steel; tool material, 18—4-1 
H.S.S.; rake angle, 15°; width of cut, 0.25 in.; feed, 0.010 in.; cutting speed, 1 in./min; magnifica- 
tion, 100. 


OLEIC ACID 

Chip cross sections are shown in Fig. 4 for air, oleic acid and CCl,. Here it is evident 
that oleic acid gives results intermediate between those for CCl, and a dry tool. The 
chip has an intermediate thickness, the back of the chip shows an intermediate 
amount of inhomogeneous primary strain, and the secondary shear, which increases 
from the back of the chip to the tool face, is seen to have also an intermediate value, 
which in turn causes an intermediate amount of chip curl. It would appear that oleic 
acid is not as effective as CCl, in dissolving away the initially formed cracks of varying 
intensity, and further that it is not such an effectively poor lubricant for the tool face. 


CONCLUDING REMARKS 


It has been found that iron chloride and carbon tetrachloride are poor boundary 
lubricants in the sense that they give higher friction than is obtained when steel 
surfaces slide in dry air. A mechanism is presented which finds an increase in shear 
stress on the tool face advantageous in that this provides lower cutting forces. This 
mechanism depends on the ability of the metal in the chip to strain-harden and upon 
the cutting fluid to react chemically in the zone of initial fracture where it must 
replace the naturally occurring distribution of crack intensities with a larger number 
of surface imperfections of uniform intensity. This in turn provides a metal in the 
chip that is farther from its rupture point and capable of the additional strain in the 
direction of the tool face called for by the secondary shear flow that must accompany 
chip curl. 

Carbon tetrachloride appears to have a unique combination of properties that are 
ideally suited for cutting fluid use. It is volatile, non-polar and its molecules are 
small, all of which will allow rapid and unhindered penetration to the fracture zone 
at the tool tip. Further, CCl, reacts readily with freshly cleaved steel to form a frac- 
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ture surface that is relatively smooth and covered with a solid lubricant FeCl, that 
has relatively high shear strength. 

The unusually good finish that is obtained when CCl, is used results from: 
rt. the absence of a built-up edge at the tool tip owing to the presence of higher shear 
stresses which tend to sweep it away; 
a burnishing action arising from the higher tool tip stresses; 
. the chemical polishing action that is also responsible for the refinement of the 


N 


OO 


fracture surface, which in turn gives rise to more homogeneous straining and less 

strain-hardening. 

It is to be expected, as reported in the literature?!, that tool life is significantly 
reduced when CCl, is used as a cutting fluid. 

Carbon tetrachloride is not a universal extreme-pressure lubricant in the sense that 
it is equally effective wherever very high loads must be supported in sliding. It 
appears to be of maximum effectiveness only under conditions where a new surface is 
generated. Thus, carbon tetrachloride is not a good die lubricant, nor should we 
expect it to function well as a gear lubricant, since these applications involve the 
generation of very little new surface area. 
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THE INTERACTIONS OF WEAR DEBRIS WITH FATTY ADDITIVES 
IN LUBRICATION 
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Aeronautical Research Institute, University of Tokyo, Tokyo (Japan) 


SUMMARY 


The interaction of wear debris with fatty additives was investigated when steel surfaces were 
lubricated with mineral oil solution in reciprocating sliding. The coefficient of friction and the 
electrical contact resistance were measured simultaneously, the latter being found to be very 
sensitive to the presence of wear debris between the sliding surfaces. The influence of smooth and 
damaged surfaces and of various surrounding atmospheres was compared experimentally. It was 
found that the smooth surface and the oxygen-poor atmosphere were most favorable for the 
lubricants, especially if they had poor lubricity. The importance of the abrasive action of worn 
oxide debris was emphasized for the adsorbed film of fatty additives as well as for the surface 
oxide film of metals. 


ZUSAMMENFASSUNG 
DIE WECHSELWIRKUNG VON VERSCHLEISS-STAUB MIT FETTIGEN ZUSATZEN BEI DER SCHMIERUNG 


Die Wechselwirkung zwischen Verschleiss-Staub und fettigen Zusatzen wurde an mit Mineralél 
geschmierten, hin und hergleitenden Stahloberflachen untersucht. Der Reibungskoeffizient und 
der elektrische Kontaktwiderstand wurden gleichzeitig gemessen, letzterer erwies sich als sehr 
empfindlich fiir die Gegenwart von Verschleiss-Staub. Der Einfluss glatter und beschadigter 
Oberflachen und der verschiedenartiger Atmospharen wurden miteinander verglichen. Es zeigt 
sich, dass glatte Oberflachen und eine an Sauerstoff arme Atmosphare die Schmierwirkung be- 
giinstigten, besonders bei Olen mit geringer Schmierfahigkeit. Die Bedeutung der schleissenden 
Wirkung von Oxydtriimmern in Verschleiss-Staub wurde hervorgehoben und zwar sowohl fiir 
die Beschadigung des adsorbierten, fettigen Schmierfilms als auch fiir die des Oxydfilms auf der 
Metalloberflache. 


INTRODUCTION 


It is a well-known fact that even with the best boundary lubricants and with very 
light loads there is some wear of the underlying surface once sliding has commenced?. 
This seems very important in engineering practice where the bearing or contacting 
surfaces are rubbed together continuously and repeatedly. Most metals are covered 
with an oxide film, and continuous and repeated rubbing, therefore, produces worn 
oxide debris however well the metals may be lubricated. Recently the role of oxide 
debris in friction, lubrication and wear phenomena was investigated by several 
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workers. It was found in the case of metallic friction that the oxide debris may act 
as abrasive, leading to further heavy wear under severe conditions of sliding2. On the 
other hand, it was also found that the debris may protect the surface from heavy 
wear by filling up the surface irregularities and so reducing the effective load at the 
teal contacts?. This apparent discrepancy in results may be due to the different con- 
ditions of experiments. In any case the behaviour of the oxide debris is of special 
interest. 

This paper describes an investigation into the interaction between, the worn oxide 
debris of rubbing steel and certain fatty additives in hydrocarbon lubricants. The 
experiments can be divided into two groups, namely, those concerned with the com- 
parison of smooth and damaged surfaces, and those concerned with the influence of 
surrounding atmosphere, which is related to the surface oxidation of metals. Measure- 
ments were made of both the coefficient of friction and the electrical contact resis- 
tance. It was reported that the contact resistance is very sensitive for the break- 
down or the wear of the surface oxides of rubbing metals4, and in our experiments 
it was also shown that the measurement of the resistance was very useful for investi- 
gating the behaviour of the oxide debris under lubricated conditions. 


EXPERIMENTAL 


A friction pendulum was used to study the friction and the contact resistance 
simultaneously. The apparatus has been fully described in a previous paper®. The 
use of a pendulum implies that the sliding was reciprocating and repetitive, which 
was preferable for accelerating the rate of production of wear debris. The essential 
conditions of friction were as follows. The metal specimens were of high-carbon steel 
and arranged in the form of closed cylinders. The load applied at each contact was 
100 g, the maximum sliding speed was about 3 mm/sec, and the period of the pendu- 
lum was about 2 cycles/sec. The coefficient of friction was calculated from the damp- 
ing character of the pendulum, which was recorded automatically with an electronic 
device. The contact resistance was measured by a current (d.c.)-potential method 
under the potential drop across the contact of below roomV and was also recorded 
automatically. 

The steel specimens were degreased in a boiling mixture of alcohol and potassium 
hydroxide (5°%). The lubricating liquid was a highly refined mineral oil (viscosity: 
13 centistokes at r00°F) and compounded with fatty acid or alcohol at various con- 
centrations. The oil was supplied to each of the rubbing contacts having one of two 
types of surface: i.e. a surface lapped smooth before testing (denoted by S), or a 
surface damaged by the previous unlubricated friction (denoted by D). The friction 
contacts and all other conditions were kept unchanged during a single experiment, in 
which the successive measurements (the number of them is represented by m in this 
paper) were carried out. 

The nature of the damaged surface described above was studied by the author? 
and it was probable that there was a number of fairly large particles of worn oxide 
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debris between the friction surfaces when the contact resistance fluctuated rapidly 
during sliding. Therefore, the main difference between D- and S-surfaces lies not 
only in whether the surface is rough or smooth but also in whether or not the wear 
debris exists at the region of contact before the surface is lubricated. 


EFFECT OF DAMAGING 


In the first place the following experiments were designed to investigate the effect 
of damaging the steel surface on the lubricity of fatty additives. The mineral oil 
solutions of palmitic acid (0.1% w) and of cetyl alcohol (0.4% w) were used as lubricants, 
the concentrations being sufficiently high to give the minimum value for the coeffi- 
cient of friction, 4, of each on steel. These solutions were tested on both S- and D- 
surfaces. The measurements were carried out at room temperature and in the normal 
laboratory atmosphere throughout. 


eee ote me ley te 
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Fig. 1. The effect of surface-damaging on lubricity; @: cetyl alcohol, o: palmitic acid. 


The results are given in Fig. 1, which shows two interesting facts. One is the striking 
difference in 4 between D- and S-surfaces at the initial stages of the successive 
measurements. The other is the gradual decrease and the final coincidence of of the 
D-surface with that of the S-surface in the course of about ten successive measure- 
ments, while the value of yw is steady with both acid and alcohol on S-surfaces, being 
0.12 and o.18 respectively. Incidentally, the dry friction of steel is 0.50% Early 
workers! have shown that cetyl alcohol is as effective as palmitic acid for reducing 
the friction of steel, but in this experiment the steady uw value for lubricated steel 
with cetyl alcohol was considerably higher than the value with palmitic acid and this 
is probably due to the special condition of reciprocating sliding. 

In order to obtain further information about what occurred when the damaged 
surface was lubricated, the contact resistance was measured. The contact resistance 
was necessarily steady but often fluctuated during sliding, especially violently in the 
case of dry friction of steel, and the best way to represent the character of the resis- 
tance was, therefore, to show the recorded trace itself, together with the rough aver- 
age value, R, of it. The typical traces obtained are illustrated in Fig. 2; for unlubri- 
cated steel in (A) and for lubricated steel with 0.1°% solution of palmitic acid in (B), 
where the intervals from a to b and from b to c correspond respectively to the period 
during which the friction pendulum was switched from the normal to the inclined 
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position and the period in which it was set free to oscillate until it stopped. Fig. 3 
shows the y—m and R—-m curves for the lubricated steel with 0.1°% palmitic acid ona 
D-surface, and the change in w and in R may be compared. In this and the following 
figures the word “lubrication” indicates the time when the lubricant was supplied 
at the friction contacts without any change being made in their arrangement. 
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Fig. 2. Typical features of the contact resistance Fig. 3. u-m and R—m curves for lubri- 
(A) unlubricated steel, (B) lubricated steel. cated steel. 


As shown in our recent work® the high (of the order of ro-! Q) and fluctuating 
resistance is attributable to the presence of the worn oxide debris between the sliding 
steel surfaces. Examination of Figs. 2 and 3 reveals that the marked changes did 
occur in the magnitude and the fluctuating character of the contact resistance, 
namely: R was reduced from 10~! 2 to 10-2 Q and the recorded trace was smoothed 
out by the lubrication. It would be expected, therefore, that after lubrication of the 
damaged steel surface with a solution of fatty acid, the intervening debris would be 
swept away. 
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Fig. 4. The effect of surface conditions with poor lubricant; (A) smooth surface, (B) damaged 
surface. 


Another kind of experiment was conducted in which the damaged and smooth 
surfaces were lubricated with a solution of poor lubricity, viz. 0.01% stearic acid in 
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refined mineral oil. Both 4 and R were measured simultaneously. Representative 
results are shown in Fig. 4, where (A) and (B) correspond to the S- and D-series res- 
pectively. Comparing Fig. 4 (A) with (B) it is readily seen that the D-surface gave a 
higher friction, 4 = 0.46, and a ro~! Q resistance, whilst the S-surface gave a lower 
friction, “4 = 0.21, and a ro~? resistance. It was feared that if the amount of lubri- 
cating material in the lubricating solution decreased as a result of the adsorption by 
the oxide debris on the D-surface, the solution might become so poor in lubricants 
that its ability to reduce friction might be lost. Therefore the same solution was 
supplied additionally at the time indicated by an arrow in Fig. 4 (B). But no sub- 
sequent essential changes in « and R were observed. 
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Fig. 5. Contact resistance traces of poor lubricant; (A) smooth surface, (B) damaged surface. 


The features of the contact resistance trace during sliding are also illustrated in 
Fig. 5; for S in (A) and for D in (B). (B) shows a fluctuating character as seen in dry 
friction. This implies that in the case of D, wear debris was still intervening. 

In view of these findings it is clear that the boundary lubricity of a certain lubricant 
depends largely on the surface conditions, especially when the lubricant has only 
poor lubricity. One explanation of the observed phenomena might be as follows. The 
damaged surface destroys the protective adsorbed films of the fatty additives during 
sliding. This is probably due to the abrasive action of the wear debris and partly to 
the tearing action of the asperities in the surface. On the other hand, the fatty addi- 
tives play two roles, namely, as lubricants for the sliding surface and as dispersants 
for the intervening debris. (It was found that stearic acid disperses the fine powder 
of iron oxide into hydrocarbon oil’.) Which of these contrary functions gains the upper 
hand determines the frictional character. In the case of the high concentrations of 
fatty additives the influence of the additives is superior to that of the damaged sur- 
face; fatty additives disperse the existing wear debris into the oil and cover the 
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surface protectively against further production of wear debris, with the result that 
R and yw are lowered, and the resistance is lessened during sliding. Thus the character 
of D-surface becomes identical with that of S-surface. But in the case of the low 
concentrations, once the existing debris has abraded the film of fatty additive, con- 
tinuous wear, if not so heavy as in dry friction, may proceed because of the low rate 
of healing of broken film owing to slow diffusion of the additives from the bulk of 
the oil to the surface of the sliding steel. This may result in the high friction and the 
high fluctuating resistance. On the other hand, the adsorbed film may survive where 
the wear debris is not present as the catalytic initiator of film-breaking, and the 
destruction—recovery balance on the S-surface may be swung in favour of the pro- 
tective influence of the additives. 


INFLUENCE OF THE SURROUNDING ATMOSPHERE 


Several years ago it was reported that the lubricity of fatty additives in oil is 
influenced considerably by decreasing the oxygen content of the surrounding atmos- 
phere’. Fatty acid or alcohol added to a refined mineral oil was used as lubricant at 
the friction contact of damaged steel surface under reciprocating sliding. The coef- 
ficient of friction was measured at room temperature and in various atmos- 
pheres, 7.e. atmospheric air, air of reduced pressure, hydrogen, nitrogen and carbon 
dioxide. Some of the results are shown in Fig. 6. In brief, the lubricating ability 
increased with decreased oxygen content of the atmosphere, and this was attributed 
to the decreasing breakdown of the adsorbed film. This phenomenon was found to be 
marked at the lower concentrations of additives. 


700 5O0n 7S00 100 
mm Hg 


Fig. 6. The influence of air pressure on lubricity of various solutions of palmitic acid. 


Again this was investigated by measuring both u and R simultaneously. A solution 
of poor lubricity, 0.01% stearic acid in refined mineral oil, was used; for the reasons 
given above this was advantageous for detecting the change in lubricity. To control 
the surrounding atmosphere the friction pendulum was put in a closed chamber in 
which the gas pressure was lowered to 10-1 mm He. Firstly, the measurements were 
carried out in atmospheric air with a D-surface and then continuously in argon of 
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slightly higher pressure than 760 mm Hg, without any changes being made in the 
experimental conditions except atmosphere. The results are shown in Fig. 7. Imme- 
diately after the exchange of atmospheric air for argon, 4 decreased gradually with 
the successive measurements and fell to the final low value of 0.18 at m = 4o. FR also 
decreased to ro~2 2 and ceased fluctuating. 
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Fig. 7. Changes in w and FR after the exchange of air for argon. 


It was considered on the basis of the resistance observed that the wear debris still 
remaining in air became negligible in argon and that this might be responsible for 
the improved lubricity of the additives. It was also reported that when steel was 
lubricated with pure cetane under the conditions of friction described here, the 
contact resistance was high and fluctuating in air, whilst it became low (1 x ro! Q) 
but still fluctuating in air of 1mm Hg and inargon’. It was thought that in the atmos- 
phere poor in oxygen and with cetane as lubricant, the particles of debris probably 
decreased in number and became smaller in size owing to the gas-shielding effect of 
the lubricating liquid. In fact, KERRIDGE found that in the case of dry friction of 
steel, wear diminished by a factor of 10 when the air pressure was reduced to 1073 


mm Hg?!°. These results may also support the above conclusions on the influence of 
the atmosphere. 


DISCUSSION 


The importance of the oxide on metallic surfaces in lubrication has been emphas- 
ized by many workers. But the main problems in which they were interested were 
the chemical or physical interactions between the polar additives and the surface 
oxide film, and few workers have referred to the worn oxide debris. 

DaviEs investigated the influence of roughness and oxidation on wear of lubricated 
sliding metal surfaces*. He found that the oily additives such as oleic acid effectively 
dispersed the oxide particles (approaching r y« in dia.) and prevented any accumula- 
tion on the rubbing surface; and additives with no peptizing properties such as 
tricresyl phosphate reduced wear on smooth surfaces but became less effective if the 
rubbing surfaces were roughened. He also found that the addition of stearic acid to 
otherwise untreated “medicinal oil’’ increased the protection of steel at the lower 
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pressures of the surrounding air. These findings are apparently in agreement with 
ours, at least qualitatively. Davirs’s interest and attention were confined to the 
protective effect of the oxide debris due to filling up the surface irregularities; the 
possibility exists, however, that the oxide debris may act as an abrasive on the 
surface film of additives as well as of metal oxide. 

As regards the contact resistance between lubricated surfaces, WILSON conducted 
an experiment on steel, in which the stearic acid was applied from the melt. He 
found that the contact resistance on a lubricated steel surface was actually lower 
than that on a clean surface and that the coefficient of friction was low when the 
contact resistance was very low, suggesting that this behaviour was characteristic of 
the lubricant used. These results are also in good agreement with ours. He proposed 
two possible mechanisms for the lowering of R in lubricated sliding, namely, mechani- 
cal abrasion during sliding and chemical attack by the more active lubricants, which 
removed the oxide layer and protected the steel surface from renewed oxidation, but 
he did not refer to the oxide debris. In his experiment R was of the order of ro~1 Q 
at a load of 50g or 100g and fluctuated violently in dry sliding. It seems, therefore, 
that some attention might be paid to the presence of the wear debris, though the 
protective action of the lubricant is of course important for the lowering of R. 

The effect of mechanical or geometrical properties of the surface oxide films on 
the lubricity of a rather poor lubricant was indicated by Hirst AND LANCASTER?1, 
Not with steel but with copper they found that in conjunction with a poor lubricant 
(stearic acid in benzene at a lower concentration) an unsuitable oxide film (oxidized 
at high temperature) may inhibit the protection which might otherwise have been 
imparted by the lubricant to a more protective substrate (oxidized at low tempera- 
ture). They attributed this to the fact that after slow oxidation the oxide film pos- 
sesses the original topographical features of the underlying metal, whereas in rapid 
oxidation pyramids of oxide grow out and, in sliding, high local stress might readily 
break the films. In our recent work® it was shown that surface-oxidized copper at a 
high temperature gives a fluctuating contact resistance trace during frictional sliding 
but the natural surface of copper gives a smooth trace. This suggests that there is 
fairly large amount of oxide debris at the sliding contact of the oxidized surfaces. 
Comparing these results with those obtained in the present work with a 0.01% solu- 
tion of stearic acid, it seems probable that the condition of the copper surface oxidiz- 
ed at a high temperature is similar to that of a damaged steel surface. 

An interesting feature of the present experiments is that the coefficient of friction 
for the smooth surface in atmospheric air, 0.21, was almost equal to that for a dam- 
aged surface in argon, 0.18, when 0.01% solution of stearic acid was applied. This 
may also support the proposed mechanism of abrasion for the break-down of ad- 
sorbed film of additives by oxide debris. 
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Authors’ Abstracts 
Note on the Wear of Teflon Sliding on Teflon 
D. G. FLom (General Electric Research Laboratory, Schenectady, New York) — 
J. Appl. Phys., 28 (1957) 1361; (1 fig., 2 ref.). 
Short note; load 108 g, speeds 95 and 189 cm/sec. Initial wear rate 7-10-® cm?/cm, 
independent of speed. 


Abrasion of the Insect Cuticle by Aqueous Suspensions of Small Particles 

V. B. WiccLeswortH (Agricultural Research Council, Unit of Insect Physiology, 

Depart of Zoology, University of Cambridge) — Nature, r8r (1958) 780; (rt fig., 5 ref.). 
Abrasion produced by drying suspensions ot hard particles on surface of cuticle. 

Extensive abrasion was revealed by silver staining. 


Principles and Applications of Spark Machining 
D. W. RuporrF — Proc. Inst. Mech. Engrs. (London), 171 (14) (1957) 495-511; (26 fig., 
T5 ref.). 

The historical background of electro-erosion technique is briefly outlined and the 
difference between spark and arc discharges is defined. The underlying principle of 
the relaxation-type spark circuit as employed in industrial machines is explained, 
and development trends are discussed. The various factors bearing upon the efficiency 
of spark-erosion operations are enumerated. The mechanical features of a typical 
spark-erosion machine are described, and the range of machining operations for 
which spark cutting machines can be designed, is outlined. Typical samples of work 
produced on a commercial unit are described and illustrated, and the properties of 
spark-machined surfaces are discussed. 


The Friction of Wood 

D. Arack (Pulp and Paper Research Institute of Canada) and D. TABor (Research 
Laboratory on the Physics and Chemistry of Solids, Department of Physics, Univer- 
sity of Cambridge) — Proc. Roy. Soc. (London), A, 246 (1958) 539-555. 

Earlier work, especially on metals, has shown that the friction of unlubricated 
solids is largely due to strong adhesion occurring at the regions of real contact; in 
addition part of the friction may arise from the ploughing of the softer surface by 
asperities on the harder. This paper shows that the friction of wood may be 
explained in a similar way, that is, it arises from an adhesion term and a deformation 
or ploughing term. In particular, it is found that the moisture content may have a 
profound effect — not necessarily a collateral one — on each of these terms. 

The friction was studied between balsam wood (Abies balsamea) and surtaces of 
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steel and polytetrafluoroethylene (PTFE). The most revealing results are obtained 
when steel or PTFE spheres are slid or rolled over the wooden surface. The rolling 
friction is found to be due to internal friction or hysteresis losses in the wood and not 
to surface interaction. It is essentially the same for both steel and PTFE spheres. 
As the moisture content is raised from 0 to 30% the rolling friction increases and then 
remains constant ; this is apparently due to changes effected in the mechanical rather 
than the surface properties of the wood. 

In contrast, the sliding friction is found to depend both on the moisture content 
of the wood and on the chemical nature of the other surface. For a hard slider of a 
given material under specified moisture conditions the sliding friction, ’s, may be 
expressed as the sum of two terms 

Fe= Fy + Fa; 


F> is the tangential force involved in deforming the wood and is directly related to 
the internal friction or hysteresis losses in the wood itself. It corresponds to the rolling 
friction. F', is the tangential force required to overcome interfacial adhesion. This is 
specific to the surfaces. It is high for steel whatever the moisture content of the wood, 
showing that the adhesion, which is probably due to hydrogen bonding, is strong in 
both cases. For PTFE the friction is fairly high when the wood has a low moisture 
content, implying a relatively strong adhesion, but it is very low when the moisture 
content exceeds 30 to 40%. This emphasizes the importance of surface structure in 
the adhesion term of friction in contrast to the deformation term which is essentially 
a bulk phenomenon. 


Electrical Conduction in Solids. 

I. Influence of the Passage of Current on the Contact between Solids 

F. P. BowDEN AND J. B. P. WILLIAMSON (Research Laboratory for the Physics and 
Chemistry of Solids, Department of Physics, University of Cambridge) — Proc. Roy. 
Soc. (London), A, 246 (1958) I-12. 

The effect of passing an electric current through the interface between two con- 
tacting pieces of gold has been investigated, and it has been shown that the current 
can cause appreciable changes in the true area of contact between the surfaces. This 
phenomenon has been studied by measuring the associated alterations in the con- 
striction resistance. (This is the resistance caused by the constriction produced in the 
current stream as it passes through the tiny areas of contact between the metals.) 
It is shown that the response of the region of contact may be explained as a result 
of the heat generated in this resistance by the current. For any given current there 
is a certain critical degree of constriction through which it will just pass without 
causing a permanent change in the contact region; if the current flows through a 
contact area which presents a constriction resistance greater than this critical value, 
then the heat generated will be sufficient to cause the yield pressure of the metal near 
the interface to fall, and the area of contact will increase accordingly. The critical 
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constriction resistance associated with any current has been found to be inversely 
proportional to the magnitude of the current. 

The response of the contact region to short-duration pulses of current has been 
studied. The results show that the behaviour is independent of the length of the pulse 
in the range investigated (10 sec to 10 msec). They also indicate that when a short 
pulse of current passes between the pieces of metal mechanical collapse will occur 
only if the current is sufficiently large to cause melting of the metal near the interface. 

It is possible to calculate the temperature in the contact region from the potential 
difference developed across the constriction. Calculations based on the accepted 
mathematical treatment indicate that mechanical collapse occurred in these experi- 
ments when the temperature at the interface was raised to about 950°C. (This is 
significantly below the melting point of gold, 1063°C.) This result was not supported 
by direct examination of the specimens, which showed clear evidence of melting 
whenever collapse occurred. It is suggested that the accepted mathematical treatment 
of constriction resistances may not be valid when the temperature approaches the 
melting point; and in part II a new treatment, which accounts for the observed 
results, is derived. 


Electrical Conduction in Solids. 

Il. Theory of Temperature-dependent Conductors 

J. A. GREENWOOD (Research Laboratory for the Physics and Chemistry of Solids, 
Department of Physics, University of Cambridge) and J. B. P. WILLIAMSON (Tube 
Investments Research Laboratories, Hinxton Hall, Cambridge) — Proc. Roy. Soc. 
(London), A, 246 (1958) 13-31. 

The experiments in part I on the behaviour of the contact between metals when 
large currents pass the interface have yielded results which cannot be explained by 
the classical theory of constriction resistances. In an attempt to provide an account 
of this anomalous behaviour a new mathematical treatment of the general problem 
of the electrical heating of conductors has been developed. This treatment gives, 
under the appropriate conditions, a concise derivation of all the main results of the 
accepted theory; in addition it leads to three new conclusions. 

First, it is shown that the general problem of finding the spatial distribution of 
the potential, the current, and the temperature within a medium whose thermal and 
electrical conductivities vary with temperature may be reduced to the corresponding 
problem with constant conductivities, and a simple numerical integration. 

Secondly, it is shown that the spatial distribution of the current within the conduc- 
tor is independent of the thermal and electrical properties of the medium, and that it 
is unaltered by variation s of the total current passing. 

Finally, it is demonstrated that there are certain conditions under which a steady 
solution of the problem is impossible. For many conductors steady conditions are 
possible only when the current is below a certain critical value. If a current greater 
than this critical value is maintained the temperature will rise continuously, and 
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eventually the process will be limited by some other phenomenon, for example, 
melting. 

The new treatment is applied to the calculation of the spatial distribution of 
current for a particular shape of conductor, one which is relevant to many resistance 
welding processes. The predictions agree accurately with experimental data obtained 
from the examination of a series of welds. 

The theory is then applied to the special case of the electrical contact between gold 
pieces and shown to offer an explanation of the anomalous behaviour mentioned 
above. Good agreement is demonstrated between the theoretical predictions and the 


experimental results. 


Systematic Abstracts of Current Literature 


Prepared by Battelle Memorial Institute, Columbus, Ohio, U.S.A. 


Reprinted from Battelle Technical Review 
1958 


(for introductory notes see p. 74) 


1. DEFORMATION AND FRACTURE 


Hartemessung. Grundlagen, Begriffe und The Initiation of Cleavage Fracture at the 


Methoden. 

Hardness Measurement. 
Theories, and Methods. 

A. Braun. Schweizer Archiv fiir Angewandte 
Wissenschaft und Technik, v. 24, no. 4, Apr. 
1958, p. 106-133. 

Hardness and deformation properties; hard- 
ness of heterogeneous and anisotropic 
specimens. Volume, surface, and penetration 
hardness. Static and dynamic empirical 
measurements. Construction, control, and 
calibration of measuring instruments. Appli- 
cations. 


Fundamentals, 


Impact Forces in Mechanisms. 

Ray C. Johnson. Machine Design, v. 30, 
June 12, 1958, p. 138-146. 

A simple analytical technique that brackets 
impact forces resulting from elastic collisions 
within a ‘“‘likely”’ range. 


Grain Boundaries in Metals. 

D. McLean. 346 pp. 1957. Oxford University 
Press, London. 

Modern theories of grain boundaries; energies 
of interfaces; energy of grain boundaries and 
microstructure; solute concentration at grain 
boundary-equilibrium segregation; influence 
of boundaries during deformation; sub- 
boundaries; diffusion along boundaries; 
migration of boundaries; sliding at grain 
boundaries; intergranular brittleness. 


Intersection of Deformation Twins in Zinc 
Single Crystals. 

R. L. Bell and R. W. Cahn. Institute of 
Metals, Journal, v. 86, pt. 10, June 1958, 
P- 433-438. 

Metallographic examination of single crystals 
of Zn oriented with basal planes nearly 
parallel to the wire axis lead to the conclusion 
that where fracture occurs, it is initiated by 
the meeting of twins on (1012) and (1012). 


Dislocations and Cracks in Anisotropic 
Elasticity. 

A. N. Stroh. Philosophical Magazine, v. 3, 
no. 30, June 1958, p. 625-646. 

The stresses due to a dislocation, a wall of 
parallel dislocations, and a crack in an arbi- 
trary non-uniform stress field are obtained. 


Brittle Fracture. The Problem as It Exists 
Today. 

G. M. Boyd. Metalen, v. 13, no. 11, June 15, 
1958, p. 200-205; no. 12, June 30, 1958, 
p. 224-228. 

Formation of brittle fracture in structural 
steel. Velocity of propagation; outward 
appearance and orientation. Factors influenc- 
ing the appearance of the fracture. Effects 
of temperature and welding; remedial 
measures. 
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Fracture Mechanism of Semi-Brittle Steels 
in Torsion. 

J. B. Hunt. Journal of the Mechanics and 
Physics of Solids, v. 6, no. 4, July 1958, 
p. 321-326 + 1 plate. 

The petal-shaped pattern noticed on the 
fracture surface of certain mild steels shows 
that the fracture sequence involves both 
tensile failure and sliding in shear. 


“Size’’ Effects and Their Possible Signifi- 
cance for ‘‘Non-Propagating’’ Cracks in 
Metal Fatigue. 

W. J. Harris. Metallurgia, v. 57, Apr. 1958, 
Pp. 193-197. 

The fundamental role played by ‘‘size’”’ or 
“scale”? phenomena throughout the laws of 
nature can, it is suggested, in the case of the 
static and fatigue strength of metals and the 
existence of ‘‘nonpropagating”’ fatigue cracks, 
be attributed to the existence of characteris- 
tic ‘‘flaw patterns’. 


Effect of Origin Flaw Characteristics on 
Glass Strength. 

W. C. Levengood. Journal of Applied Physics, 
v. 29, May 1958, p. 820-820. 

Experiments indicate two different mecha- 
nisms of fracture. 


Kinematische und dynamische Unter- 
suchungen iiber die Kerbzahigkeit von 
Vulkanisaten. 

Kinematic and Dynamic Investigations of the 
Cut Growth Resistance of Vulcanizates. 
Arturo Chiesa. Kautschuk und Gummi, v. 11, 


Ze 


2.1. General 


Resistance to Rolling and Sliding. 

DeCOu DunieandeAy Si) Hall, jraed Sale, 
Transactions, v.80,no. 4, May 1958, p. 915-920. 
Effects of velocity on the inclination, and the 
offset of the line of action of the resultant 
force between two disks in peripheral contact. 


The Calculation of Drawing Force and Die 
Pressure in Wire Drawing. 

P. W. Whitton. Institute of Metals, Journal, 
v. 86, pt. 9, May 1958, p. 417-421. 

Various wire-drawing theories are examined 
in the light of new knowledge, recently 
advanced, of the values for the coefficient of 
friction between the drawn wire and the die. 
A new expression, empirically based, is 
presented, which permits rapid and simple 
calculation of the drawing forces over the 
whole range. It is checked by the observa- 
tions of three independent investigations and 
is accurate to within +10% for wire both 
annealed and prestrained. 


SYSTEMATIC ABSTRACTS ZAT 


no. 6, June 1958, p. WI161-WT168. 

Cause of tear, speed, anisotropy, temperature, 
and aging. Tear propagation by static, slow 
dynamic, or rapid dynamic methods. Dura- 
tion of tear to the breaking point in different 
bodies. Load and speed in different natural 
rubbers and vulcanizates. 


Rupture Propagation in Inhomogeneous 
Solids: An Electron Microscopic Study of 
Rubber Containing Colloidal Carbon Black. 
E. H. Andrews and A. Walsh. Physical 
Society, Proceedings, v. 72, July 1958, 
p. 42-48 + 1 plate. 

The results, together with a correlation found 
between adhesion and tearing energy, may be 
largely explained in terms of the local concen- 
trations of stress which occur at the particles 
of the dispersed phase. 


Statistics and Time Dependence of Mecha- 
nical Breakdown in Fibers. 

Bernard D. Coleman. Journal of Applied 
Physics, v. 29, June 1958, p. 968-983. 

A new phenomenological approach to quan- 
titative discussions of the statistics and time 
dependence of mechanical breakdown is 
presented. The theory permits the prediction 
of relationships between the lifetime distribu- 
tions to be observed for fibers under different 
loading histories: dead loads, loads propor- 
tional to time, and periodic loads. It also 
permits the calculation of relationships be- 
tween the strength of separated individual 
filaments and the strength of bundles of 
filaments. 


FRICTION 


2.2. Materials 


Friction Materials — Today and Tomorrow. 
Andrew W. Shearer. Automotive Industries, 
v. 118, no. 7, Apr. 1, 1958, p. 62 + 7 pages. 
Important elements in selection of friction 
materials for automotive vehicles include 
coefficient of friction, wear resistance, and 
smooth and quiet operation. Types of friction 
materials, their characteristics, applications, 
and trends in the field today are discussed. 


Friction Coefficients of Graphite Over the 
Temperature Interval 25°C to 2450°C. 

Allen R. Driesner and Paul Wagner. Journal 
of Applied Physics, v.29, June 1958, p. 901-903. 
Measurements were made of the coefficients 
of friction for graphite and some graphite- 
based materials which are of interest for 
nuclear reactor application. Static and kinetic 
friction coefficients were measured as a func- 
tion of surface conditioning and temperature. 
In addition, the effects of force, stress, aniso- 
tropy, refractory coating, and uranium load- 
ing were studied. 
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Friction of Polytetrafiuoroethylene Dry 
Bearings. 

S. B. Twiss, P. J. Wilson, and E. J. Sydor. 
Lubrication Engineering, v. 14, no. 6, June 
1958, p. 255 + 7 pages. 

Experiments designed to simulate bearing 
performance were conducted on a number of 
compositions containing polytetrafluoroethy- 
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lene. Friction test variables were speed, load 
and temperature—the ranges covered were 
6 to 625 f.p.m., 30 to 250 p.s.i., and room 
temperature to 300°F respectively. For a 
resin-bonded material the coefficient of fric- 
tion varies inversely as the surface roughness 
of the steel mating part. 


3. LUBRICATION AND LUBRICANTS 


3.1. Lubrication 


Some Aspects of the Thermal Desorption of 
a Boundary Lubricant. 

E. P. Kingsbury. Journal of Applied Physics, 
v. 29, June 1958, p. 888-891. 

An expression is developed relating friction 
coefficient in a boundary lubricated sliding 
system to temperature, heat of adsorption, 
and sliding velocity. Frictional and wear 
phenomena are shown to be double exponen- 
tial functions of temperature and _ single 
exponential functions of sliding velocity. 
Experimental confirmation is obtained and 
a simple method is indicated for measuring 
the heat of adsorption as a function of 
temperature. 


Experiments on Imperfect Lubrication. 

M. D. Hersey and C. W. Staples. ASME, 
Transactions, v. 80, no. 5, July 1958, p. 1104- 
1107. 

Friction measurements under imperfect 
lubricationconditions up toloadsof10,000p.s.i. 
or more. Eight lubricants were compared 
whose viscosity-pressure characteristics were 
known. A Kingsbury oil-testing machine was 
used, with bearing surfaces designed to 
eliminate hydrodynamic action so far as 
possible. 


High-Temperature Bearings Will Roll With 
Advances in Lubricants, Materials, Design. 
SAE Journal, v. 66, Apr. 1958, p. 28-33. 
Mechanical tests used to screen new greases; 
lubrication of steel surfaces by powdered 
solids in low speed sliding; new material 
requirements and design problems; physical 
tests used in material selection. 


Roll-Neck Bearing Lubrication for Rubber 
and Plastics Calenders. 

Kk. J. Gooch and W. C. Whittum. Plastics 
Technology, v. 4, Apr. 1958, p. 339-343. 

Tests on bronzes, Al, and babbitt show that 
the preferred bearing liner material is depend- 
ent upon many factors, including loading, 
speed, temperature, hardness of journal, type 
of lubrication, and possible presence of dirt. 
As operating temperatures increase into the 
400-500°F range, oil viscosity becomes highly 
important. 


3.2. Lubricants 


Thin Films of Polytetrafluoroethylene Resin 


as Lubricants and Preservative Coatings for 
Metals. 


V. G. Fitzsimmons and W. A. Zisman. [ndus- 
trial and Engineering Chemistvy, v. 50, May 
1958, p. 781-784. “<id 
Shows that there is no limit to the lubrication 
problems Teflon can solve in the laboratory 
or in industry. 


Molybdenum Disulphide. A Dry Lubricant 
Possessing Remarkable Properties. 

H. Peter Jost. Alloy Metals Review, v. 9, 
no. 88, June 1958, p. 2-8. 

Reviews results from practical applications 
showing that MoSg has a remarkable capacity 
for preventing galling and seizing at bearing 
pressures well over 45 tons/sq. in. 


Water-Lubricated Bearings for Marine Use. 
A. D. Newman. North East Coast Institution 
of Engineers & Shipbuilders, v. 74, pt. 7, 
May/June 1958, p. 357-370. 

Properties of water as a lubricant; application 
with low- and high-speed bearings. 


High Temperature Lubricant Studies. 

E. E. Klaus and M. R. Fenske. Lubrication 
Engineering, v. 14, no. 6, June 1958, p. 266- 
273. 

Properties of silicones, silicates, hydrocarbons 
and mineral oils, diesters, and halogenated 
aromatic hydrocarbons were measured at 
temperatures of 500 to 700°F. 


Petroleum Lubricants — Their Application 
in Nuclear Plant. 

C.H. Nailer. Nuclear Engineering, v. 3, no. 26, 
May 1958, p. 203-206. 

Reviews the general application of petroleum- 
based oils and greases to meet the arduous 
conditions imposed by radiation and the 
suitability of certain types of lubricants. 


Symposiums on Railroad Materials and 
Lubricating Oils. 

169 pp. 1957. American Society for Testing 
Materials, Philadelphia. (TF340 Am35r) 
Papers deal with performance of diesel 
engines; railroad cleaning materials; and 
specifications, standard test methods, and 
recommended practices in the field of petro- 
leum products and lubricants. 


The Effect of Lubricating Oils on the Wear 
of Bearings. (in Russian) 

V. A. Vishniakov, G. V. Vinogradov, and 
V. P. Pavlov. Khimiia i Tekhnologiia, Topliv 
t Masel, v. 3, no. 4, Apr. 1958, p. 26-32. 
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4. BEARINGS 


Theoretical and Experimental Analysis of 
Hydrodynamic Gas-Lubricated Journal 
Bearings. 

B. Sternlicht and R. C. Elwell. ASME, 
Transactions, v. 80, no. 4, May 1958, p. 865- 
878. 

Presents a numerical solution for finite-width 
journal bearings and results of experiments 
conducted with air-lubricated hydrodynamic 
journal bearings. Comparison is made between 
theoretical and experimental results. Design 
formulas and recommendations for future 
studies also are included. 


Viscosity-Pressure Effect on Friction and 
Temperature in a Journal Bearing. 

S. J. Needs. ASME, Transactions, v. 80, no. 5, 
July 1958, p. 1099-1103. 

Tests were undertaken to show differences in 
friction and operating temperature when 
heavily loaded partial journal bearings were 
operated with two different oils in the same 
viscosity range, but of widely different 
viscosity index and viscosity-pressure charac- 
teristics. 


A New Dry Bearing. 

R. E. Harmon. Machine Design, v. 30, July 
24, 1958, p. 22-24. 

known in Britain as DU, this new composite 


of powdered lead, fluorocarbon plastic, porous 
spherical bronze, and steel back-up strip has 
good qualities for bearing design problems. 


Influence of Load and Thermal Distortion 
on the Design of Large Thrust Bearings. 

R. A. Baudry, E. C. Kuhn, and W. W. Wise. 
ASME, Transactions, v. 80, no. 4, May 1958, 
p. 807-818. 

Describes some design considerations given to 
vertical water-wheel-generator thrust bear- 
ings in order to avoid highly concentrated 
loading during the starting period, and to 
obtain minimum distortion of the pad during 
operation at normal speed and load. 


The Effect of Heat Conductance on Slider- 
Bearing Characteristics. 

W. H. Guilinger and E. A. Saibel. ASME, 
Transactions, v. 80, no. 4, May 1958, p. 800- 
806. 

The slider bearing without side leakage is 
considered when heat generated in the oil 
film may be conducted in the fluid as well 
as lost to the surroundings. 


Bearings for Aircraft Hydraulic Pumps. 

W. S. Bobier, Jr. and C. R. Potter. Applied 
Hydraulics, v. 11, May 1958, p. 108-110. 
Speed and pressure effects; type selection 
procedure. 


5. WEAR AND WEAR RESISTANCE 


New Coefficients — Predict Wear of Metal 
Parts. 

Ernest Rabinowicz. Product Engineering, 
v. 29, no. 25, June 23, 1958, p. 71-73. 

New wear coefficients give answers that can 
lengthen life of a sliding system. With equa- 
tions and other data are included examples 
of applications to design problems. 


Selecting Bearing Metals That Will Not 
Seize. 

C. L. Goodzeit. Materials in Design Engineer- 
ing, V. 47, Jane 1958, p. 105-109. 

Table gives information needed to select 
pairs of bearing metals that will not form 
strong welded junctions during operation. 


The Mechanical Wear of Metals. 

W. Hirst. British Journal of Applied Physics, 
v. 9, Apr. 1958, p. 125-132. 

Design of fundamental experiments for 
examining the wear phenomena encountered 
in the conditions of speed and loading of 
industrial machines. Apparatus in which 
nominal point or nominal line contact can be 
maintained indefinitely; phenomena observ- 
ed when a lubrication is maintained up to 
very heavy loads; a method of measuring the 
thickness of the oil film in line contact 
conditions is outlined and some results given. 


Fretting Corrosion of Cast Iron. 

F.T. Barwelland K.H.R. Wright. B.C.I. R.A. 
Journal of Research and Development, v. 7, 
no. 5, Apr. 1958, p. 190-202 + 12 plates. 
Results show that lubricated cast iron speci- 
mens in the as-cast condition exhibit less 
susceptibility to fretting than the annealed 
specimens. 


Influence of Load on Liner Temperature and 
Wear in a High Speed Diesel Engine. 

M. R. K. Rao and K. N. Murthy. Indian 
Institute of Science, Journal, v. 40, sec. B, 
no. I, Jan. 1958, p. 1-10 + 1 plate. 

Tests showed that engines running on vary- 
ing loads suffered more wear than engines 
running on full load. 


How to Protect Hydrocyclones Against 
Destruction by Corrosion and Erosion. (in 
Russian) 

V.S. Burlakov. Tsvetnye Metally, v. 31, no. 5, 
May 1958, p. 14-20. 


Internal Pipe Coating. 

Paint, Oil & Chemical Review, v. 121, Apr. 17, 
1958, p. 18. 

Copon, an erosion-proof, friction-reducing 
industrial coating, is being used to protect the 
inside of a 72-mile gas pipe line. 
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6. ANALYSIS AND TESTING 


An Application of Radioisotope Wear 
Study Techniques. 

Charles C. Gambill. General Motors Engineer- 
ing Journal, v. 5, no. 2, Apr.-May-June 1958, 
Pp. 21-25. 

Techniques for finding otherwise-undetect- 
able amounts of wear in a refrigeration system 
compressor. 


The Application of Autoradiography to 
Studies of Cathodic Metal Deposits. (in 
Russian) 

S. M. Kochergin, G. R. Pobedimskii, and 
A. V. Leont’ev. Zhurnal Fizicheskoi Khimii, 
v. 32, no. 4, Apr. 1958, p. 930-931. 

Additions of the radioactive isotope of the 
metal being deposited were introduced into 
the electrolyte under investigation. Auto- 
radiograms were obtained of the one-sided 
weakly radioactive cathodic deposits. From 
the optical density curves of the autoradio- 
grams obtained with fhe aid of a recording 
microphotometer, a detailed picture could be 
obtained of the change in thickness of the 
deposits, with a high degree of accuracy (from 
tenths to hundredths of a yu). 


Factors Influencing the Resistance of Steel 
Castings to High Stress Abrasion. 

T. E. Norman. Modern Castings, v. 33, May 
1958, p. 89-98. 

A method of evaluating the abrasion resist- 
ance of materials for heavy-section steel cast- 
ings, by running these materials as large- 
sized marked balls in a ball mill is described. 
By this means it is possible to evaluate the 
relative merits of grinding mill liner materials 
within a short time. The results from this 
short-time test correlate well with the results 
from actual sets of liners having similar 
composition and structure. 


Stress-Life Relation of the Rolling-Contact 
Fatigue Spin Rig. 
Robert H. Butler and Thomas L. Carter. 
U.S. National Advisory Committee for Aero- 
nautics, Technical Note 3930, Mar. 1957, 23 pp. 
(TL570 Un3t Vis.) 


Rig was used to test groups of SAE 52100 
g/16-in. diameter balls lubricated with a 
mineral oil at 600,000-, 675,000-, and 750,000- 
p-s.i. maximum Hertz stress. 


Wear Characteristics of Fine-Pitch Gear 
Materials. 

R. J. Benson. Machine Design, v. 30, June 26, 
1958, p. 21-122. 

This evaluation of all-metal and plastic-metal 
gear combinations for spur-gear meshes 
provides a tool with which designers can 
estimate wear rates of a gear mesh. 


High-Speed, Direct-Reading Glossmeter. 

J. G. Schreckendgust and D. M. Gowing. 
Optical Society of America, Journal, v. 48, 
Apr. 1958, p. 241-245. 

Device which measures specular reflectance 
at 20, 60, and 85° angles employs a direct 
parallel beam at each viewing angle, and 
utilizes compensated barrier cell circuits to 
activate a stable positioning servomechanism. 


CRC Laboratory Technique for Determining 
Rust-Preventative Properties of Lubricating 
Greases. 

E. W. Adams. NLGI Spokesman, v. 22, no. 4, 
July 1958, p. 186-193. 

Development of a laboratory method and 
scheme for rating samples; performance test- 
ing of the samples in the field; selection of 
samples. 


A Method for Studying the Behavior of 
Cutting Fluids in Wear of Tool Materials. 
L. V. Colwell. ASME, Transactions, v. 80, 
no. 5, July 1958, p. 1054-1058. 

Refinements of design and instrumentation 
in a new friction and wear machine result in 
some new types of information which show 
promise of extending knowledge of the mecha- 
nisms of friction, lubrication, and wear. 
Provision has been made for varying normal 
load linearly with time and oscillating it be- 
tween preset values. There is continuous 
recording of both the normal load and the 
friction reaction. 


7. SURFACE TREATMENT AND FINISHING 


7.1. Chemical and Mechanical Finishing 


On the Connection Between the Texture and 
Properties of Nickel Electrodeposits. (in 
Russian) 

G. S. Vozdvizhenskifi and R. S. Saifullin. 
Zhurnal Fizicheskot Khimii, v. 32, no. 4, 
Apr. 1958, p. 831-833 + 1 plate. 

Under the conditions of the experiment, no 
direct connection has been revealed between 
the preferential orientation of crystallites of 
Ni deposits along the (oor) axis and their 
properties. This is obviously due to the mask- 


ing of the part played by the grain structure 
of the deposits. 


Cleaning and Preparation of Metals Prior to 
Electroplating: Effect of Oxide Films. XI. 
Effect of Oxides on the Adhesion of Elec- 
troplates. 

Henry B. Linford and Ambati Venkateswarlu. 
Plating, v. 45, July 1958, p. 728-733. 

In a study of Ni plating on oxidized Cu, the 
effect of oxide film thickness on the adhesion 
of the Ni plate was followed. 
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Application of the lon Bombardment Clean- 
ing Method to Titanium, Germanium, 
Silicon, and Nickel as Determined by Low- 
Energy Electron Diffraction. 

H. E. Farnsworth, R. E. Schlier, T. H. George, 
and R. M. Burger. Jowrnal of Applied Physics, 
v. 29, Aug. 1958, p. 1150-1161. 

The clean surfaces were obtained by a com- 
bination of heat-treatment, argon-ion bom- 
bardment, and annealing in high vacuum. 


The Effects of Pressure in Mechanical 
Polishing. 

Cornelius A. Johnson. AB Metal Digest, v. 4, 
no. 3, May 1958, p. 2-10. 

Describes the various stages necessary to 
produce a properly prepared microsection and 
particularly stresses the advantages of the 
Buehler technique of heavy pressure polish- 
ing. 


Counter-Finishing Missile Noses to 2 Micro- 
Inches. 

Rupert Le Grand. American Machinist, v. 102, 
May 5, 1958, p. 101-103. 

Description of tracer-controlled grinding 
equipment. 


7.2. Grinding 


Grinding Ball Size Selection. 

Fred C. Bond. Mining Engineering, v. 10; 
American Institute of Mining and Metallur- 
gical Engineers, Tyvansactions, v. 211, May 
1958, Pp. 592-595- 

The proper size of make-up balls or rods to 
be added regularly to grinding mills can be 
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calculated. The amount will vary with the 
character of the balls and the abrasiveness of 
the material being ground. However, it is 
primarily dependent on the power input to 
the mill, and estimates of the amount requir- 
ed for new installations should be based upon 
the power used. 


Fine Grinding at Supercritical Speed. 

R. T. Hukki. Mining Engineering, v. 10; 
American Institute of Mining and Metallur- 
gical Engineers, Tvansactions, v. 211, May 
1958, p. 581-5901. 

A wide supercritical speed range will become 
available for grinding, and especially for fine 
grinding, if the basic conditions within the 
mill have been selected properly. Mathe- 
matical analysis of mill dynamics at super- 
critical speeds has indicated that the mill 
speed may be increased if total mass of grind- 
ing medium decreases, mass of the individual 
grinding piece increases, and the coefficient 
of friction between the outer layer of medium 
and the mill lining decreases. 


Bestimmung des Mahlmechanismus in 
typischen Trommelmihlen. 

Determination of the Grinding Mechanism in 
Typical Cylindrical Batch Grinders. 

Tatsuo Tanaka. Staub, v. 18, May 1958, 
Pp. 137-142. 

In a general examination of the process of 
reduction an equation is proposed which is 
valid not only for frictional grinding, but also 
for impulse grinding. Effects of grinding 
variables on particle size distribution. 


8. MACHINING AND TooL WEAR 


8.1. Machining 


High Speed Machining — A New Concept. 
William E. Montgomery. Carbide Engineering, 
v. 10, May 1958, p. 9-11. 

Use of new carbide material allows cutting 
speeds to be increased to r000 SFPM or more. 
This material is basically a Ti carbide using 
Ni as a binder and containing Mo carbide as 
an alloy carbide addition. Optimum cutting 
speeds for this grade approach those for the 
best ceramic tool materials, but its superior 
strength allows it to take severe cuts usually 
resulting in greater weight of metal removed 
per unit of time. 


A Designer’s Guide to the Electronic- 
Machining Processes for Intricate Holes and 
Contours in Nonmachinable Materials. 
Frank Twitchell and J. R. Zimmerman. 
Machine Design, v. 30, June 26, 1958, p. 114- 
117. 

Oi eee pact and _ electrical-discharge 
machining are discussed. 


On a Criterion of Cutting Velocity in Metal 
Machining. 

F. F. Ling and Edward Saibel. ASLE Trans- 
actions, v. 1, no. 1, Apr. 1958, p. 124-130. 


The conventional model of orthogonal cutting 
with type two chip is modified to include the 
effect of deformation of the work-piece at the 
immediate vicinity of the tool-tip. The cut- 
ting velocity condition for optimal force of 
deformation is examined in the light of two 
alternate criteria: recrystallization tempera- 
ture and melting temperature. 


High Velocity Machining With Ceramic 
Tools. 

Wallace B. Kennedy. Tool Engineer, v. 41, 
no. 1, July 1958, p. 73-75. 

Use of ceramic tools and very high speed 
machining offer promise for attaining im- 
proved cutting tool life with increased work 
output. 


Theorie des Fliesspans. 

Theory of Continuous Chip Formation. 

Udo Wegner, Zeitschrift fiir Angewandte 
Mathematik und Mechanik, v. 38, nos. 5-6, 
May-June 1958, p. 200-200. 

Effect of heat on formation of chips in cut- 
ting. Tearing angle and direction of the sepa- 
ration. Effect of upsetting factor and cutting 
speed, under different conditions of pressure 
and hardness of the cutting tool. 
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Effects of Chip Compression on Cutting 
Forces. 

Max Kronenberg. Tool Engineer, v. 40, no. 4, 
Apr. 1958, p. 89-93. 

Derives a mathematical relationship between 
chip compression, the coefficient of friction, 
and tool rake angles. This makes it possible 
to calculate cutting forces without dyna- 
mometer measurements. 


The Effect of Tool-Chip Contact Area in 
Metal Machining. 

H. Takeyama and E. Usui. ASME, Tvansac- 
tions, v. 80, no. 5, July 1958, p. 1089-1096. 
The tool-chip contact area is closely related 
not only with the machining performance, but 
with the tool life. The frictional force on the 
rake face is directly proportional to the tool- 
chip contact area. Therefore, the friction in 
metal machining is not based upon Coulomb’s 
law, but upon Ernst’s and Merchant’s. The 
normal force on the rake face consists of the 
uniformly distributed normal stress and the 
singular force at the cutting edge, which is 
related to rake angle and area of cut. 


The Machinability of Type A Leaded Steels. 
E. J. Paliwoda. American Society for Metals, 
Transactions, v. 50, 1958, p. 258-270. (TS300 
Am35t Vis.) 

The machining uniformity of Type A leaded 
steels appears to be subject to the same 
chemical composition variables which affect 
the machinability of nonleaded, open-hearth 
free cutting steel. As in the case of C-1213 
steels, oval sulfide inclusions are favorable to 
Type A steels with stringer-like sulfides being 
less effective. Lead inclusion mass appears to 
be dependent on sulfide inclusion nature with 
fine Pb tails being associated with fine 
stringer-like sulfides. The somewhat greater 
machinability index range of Type A material 
as compared to regular screw stock may, in 
part, be due to a size effect of the inclusions 
present. 


8.2. Tool Wear 


A Theory of Cutting-Tool Wear and Cutting- 
Oil Action. 

A. Dorinson. ASLE Transactions, v. 1, no. 1, 
Apr. 1958, p. 131-138. 

The initiating step in cutting-tool wear is 
postulated as a  temperature-dependent 
migration of chip metal into the tool. The 
migrated metal softens the tool, which allows 
wear particles to adhere to the moving chip 
and be carried away. The kinetics of these 
processes are developed quantitatively to 
yield an expression which explains the Taylor 
equation in terms of the fundamental param- 
eters of cutting. 


The Chatter of Lathe Tools Under Orthog- 
onal Cutting Conditions. 
S. A. Tobias and W. Fishwick. ASME, Tyvans- 
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actions, v. 80, no. 5, July 1958, p. 1079-1088. 
A mathematical theory of the chatter of lathe 
tools is presented. Two types of chatter are 
distinguished depending on whether the 
chatter amplitudes fall in the direction of the 
tool shank or in the direction of the workpiece 
velocity. The physical causes of chatter taken 
into consideration are the chip-thickness- 
variation effect, the penetration effect, and 
the slope of the cutting-force against cutting- 
speed curves. The results of the mathematical 
theory are presented in the form of stability 
charts. 


Controlling Tool Life. 

L. V. Colwell. Tool Engineer, v. 41, no. I, 
July 1958, p. 65-69. 

The majority of the work required to cut 
metal is converted into heat at the shear 
plane. Heat ultimately determines the rate 
of tool wear which in turn determines tool life. 
Wear on the tool flank is more significant 
than on the tool face. Flank wear provides 
most of the different bases for determining 
tool life. Total tool failure takes place when a 
tool breaks down and ceases cutting alto- 
gether. This can occur as a result of the 
formation of a crater accompanied by struc- 
tural failure or by the occurrence of a critic- 
ally high temperature on the tool flank. 


High-Speed Cutting With Ceramic Tools. 
H. J. Siekmann. Tool Engineer, v. 40, no. 4, 
Apr. 1958, p. 85-88. 

Due to the physical properties of ceramic or 
cemented oxide materials, the higher nega- 
tive rake tools have been found to give longer 
tool life and more reliable cutting perform- 
ance. Cutting tests were conducted on very 
hard steels with negative rakes as high as 30° 
with optimum results. The cutting forces 
incurred with the higher negative rakes are 
not higher than those incurred with positive 
rakes. Over a speed range from o to 18,000 
f.p.m., the cutting forces drop rapidly as 
speed is increased. ; 


Ceramic Tooling. Use of Sintered-Oxide 
Tools for Heavy-Duty Metal Removal: 
Developments in Production Turning 
Methods at Alvis, Ltd. 

Aircraft Production, v. 20, July 1958, p. 274- 
282. 

In many respects sintered oxides are in the 
same position as WC was some 25 years ago, 
and subject to similar forms of controversy 
with regard to usefulness. Alvis Ltd. made 
use of this material for a number of produc- 
tion turning operations. For several years 
they have carried on an investigation of the 
capabilities of sintered-oxide cutting-tools 
and are adopting this material in preference 
to others wherever practicable. 
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Book Review 


Lubrication Science and Technology, Part 1, Vol. 1, Edited by JoHN Boyp (Pergamon Press, 
London, 1958). 29 X 21 cm; Vii + 231 pp.; price £ 5.5s. net. 
A publication of the American Society of Lubrication Engineers 


Discussions on lubrication are going on in many quarters, but it is only in the United States 
that lubrication engineering finds a place of its own, namely in the manifold activities of the ASLE, 
which counts among her members most of the leading American industries. 

The monthly journal of the ASLE (Lubrication Eng.) already provides some facilities for the 
publication of research reports, but these are intermingled with ASLE news. Gradually the joint 
annual meetings of the ASLE and the ASME and the Lubrication Conferences of the ASLE have 
become events of great significance at which research progress in the United States is reported. 
This new publication, constituting the transactions of these meetings, will consist of collections 
of the papers presented and will initially be published on a semi-annual basis. 

Part 1 contains 27 contributions. At least half of these deal with some aspects of wear*, while 
other papers refer to the properties of lubricants and to the design of bearings. Much of the con- 
tents is of great interest to the general reader in the field covered also by WEAR. 

Discussions and authors’ replies are published with only two of the lectures. Perhaps we may 
expect more of these in future volumes? Numerous figures and tables provide additional infor- 
mation for the specialist, while careful editing contributes much to the readability of these trans- 
actions, which will no doubt appeal not merely to lubrication engineers but to a much wider 
circle of readers. 

The price of Part. 1 of Vol. 1 — printed in Great Britain — is reasonable. G. Sa 


* For Authors’ Abstracts of some papers see Wear, I (1957/1958), 357-360. 
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active isotopes) and on friction; author of several papers in these fields. [See p. 168] 


. D. I. JAMEs, B.Sc. : born at Newport, Mon.; graduated in physics with honours at University 
College of Swansea in 1952; for some years engaged in the design of cold cathode valves; joined 
the staff of RABRM in 1956 where he has been studying friction of polyviny] chloride on steel. 

[See p. 183] 


J. F. OstErwe: (for biographical note see Wear, T (1957/58) 530). [See p. 195] 


Mitton C. SHAw: born in Philadelphia, Penn.; obtained B.S. in ME at Drexel Institute, Cincin- 
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lubrication, friction, wear, metal cutting, and materials engineering. [See p. 217] 


Y. TAMAI, (see Wear, I (1957/58) 464) is now on the research staff of the Aeronautical Research 
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M. P. VoLarovicH, professor, Dr. h.c.: born in Moscow; graduated from Moscow University 
(Department of Physics) in 1927; became a pupil of Academician P. P. Lazarev, who stimulated 
him to investigate viscosity and plasticity; developed methods for studying the rheological 
properties of highly viscous liquids and disperse systems; carried out numerous measurements 
of viscosity, plasticity and elasticity parameters. In 1935 appointed professor of physics; in 1938 
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graph: The Viscosity of Lubricant Oils at Low Temperatures. [See p. 203] 
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